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Abstract
Objectives – In this review, we aim to provide an overview of the severe acute respiratory syndrome 
2 (SARS-CoV-2) virus covering viral transmission, genetic susceptibility along with the structure of the 
virus and different mutations. We outline how certain mutations of SARS-CoV-2 variants may increase 
transmissibility and disease severity. We also aim to examine the current state of vaccine 
development, highlighting the effectiveness of vaccines along with giving evidence for the use of 
boosters. 
Design – This review was performed by searching for relevant articles within PubMed and Embase 
databases, as well as preprint databases MedRxiv and BioRxiv, due to the novelty and rapidly evolving 
nature of the field. Further manual searching for additional articles and data was performed. 
Results - A total of 227 articles were included in the final manuscript. The SARS-CoV2 virus is highly 
pathogenic to humans, which infects host cells by binding its Spike protein with the angiotensin-
converting enzyme-2 receptor and replicates using host cell machinery. Certain SARS-CoV-2 variants 
have significantly increased transmissibility and disease severity. The WHO currently report four VOC, 
two VOI, and fifteen VUM. Currently, there are 23 approved vaccines in use in 194 countries, with 
seven having gained emergency use listing approval from the WHO. These vaccines have been shown 
to be tolerable and effective. As of 19th October 2021, there are 194 vaccines in pre-clinical 
development and 124 in clinical development. There are lessons to be learned from this pandemic 
and previous ones, in order to be better prepared for the next one.

1. Introduction
There are seven coronaviruses known to infect humans, which all belong to the alpha- and 

beta- coronavirus subgroups, including the common coronaviruses 229E (alpha), NL63 (alpha), OC43 
(beta), and HKU1 (beta). (1). Over the last three decades, three notable beta-coronaviruses, severe 
acute respiratory syndrome coronavirus (SARS-CoV) in 2002, Middle East respiratory syndrome 
coronavirus (MERS-CoV) in 2011, and most recently, severe acute respiratory syndrome 2 (SARS-CoV-
2) in 2019, have emerged and caused severe respiratory illness resulting in debilitating disease and 
worldwide fatalities. SARS-CoV-2 infection has caused more than 4.8 million deaths in approximately 
18 months and caused a multisystem illness in several million people (2). The pathogen responsible 
for the current Coronavirus 2019 (COVID-19) pandemic is SARS-CoV-2. The SARS-CoV-2 virus genome 
shares 96% similarity with the bat coronavirus BatCoV RaTG13 and a 98% amino acid identity to the 
Pangolin-CoV (3, 4). Clearly, SARS-CoV-2 was able to infect both human and bats, although speculation 
about the origin of the virus is still debated.

 All viruses, including SARS-CoV-2 change and mutate over time, with most changes having 
little to no impact. However, some changes may alter its pathogenic or transmission potential and 
could therefore hinder the effectiveness of vaccines and therapeutic strategies. SARS-CoV-2 variants 
that have a significantly increased level of transmissibility and disease severity have been classified as 
variants of concern (VOC), while variants that we have a limited knowledge of but may have a greater 
ability to cause more severe disease than the original strain, are classified as variants of interest (VOI) 
or variants under monitoring (VUM). As of the 22nd October 2021, the WHO has reported four VOC; 
Alpha, Beta, Gamma, and Delta, two VOI; Lambda and Mu, and fifteen VUM (5). Since the beginning 
of the COVID-19 pandemic, a worldwide effort to develop effective vaccines to protect against SARS-
CoV-2 took shape. As of 17th October 2021, there has been 4,887,154 COVID-19-associated deaths 
worldwide (2), however, as of 20th October 2021 there are 23 approved vaccines in use in 194 
countries, with seven vaccines having gained emergency use listing approval from the WHO (6).
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In this review, we provide an overview of the genome and structure of SARS-CoV-2, describing 
how these elements allow the virus to infect and replicate inside of host cells, before outlining how 
certain mutations harboured by SARS-CoV-2 variants enhance these abilities. Next, we  examine the 
current state of vaccine development around the world, summarising how effective these vaccines 
are, and giving evidence for the use of booster doses. Finally, we discuss what important lessons to 
take from the current pandemic and how we can better prepare for future ones.

2. Methods
We searched PubMed and Embase databases for articles related to the topic of this review. 

Our search terms included SARS-CoV-2, COVID-19, SARS-CoV, MERS, virology, genome, replication, 
viral entry, variants, vaccines, and vaccinations. We performed further manual searching for additional 
articles and data using relevant databases, including who.int, gov.uk, and ecdc.europa.eu/en. Due to 
the rapidly evolving nature of the literature involving SARS-CoV-2, we also searched preprint 
databases including MedRxiv and BioRxiv. Studies were selected based on their quality, with large, 
randomised controlled trials being of greatest interest. Following screening of articles with limited 
exclusion criteria, due to the novelty of the field, a total of 227 articles are included within the final 
review. 

3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19
SARS-CoV-2 is predominantly spread via respiratory droplet transmission, spreading from 

person to person through close contact, coughing, or sneezing. It has been well documented that the 
virus can also spread through airborne transmission, fomite transmission, and via other modes, such 
as through biological samples including urine and faeces (7, 8). Once inside the airways, SARS-CoV-2 
can directly or indirectly infect ciliated, mucus-secreting, and club cells of bronchial epithelium, type 
1 pneumocytes within the lungs, and the conjunctival mucosa (9). The clinical presentation of COVID-
19 is non-specific and heterogeneous, but usually mild in severity. Following an incubation period of 
around 5 days, ranging from 4-14 days, symptoms develop which range from mild to severe disease 
and, in some cases, can result in death (10). The most common COVID-19 symptoms include fever, 
cough, dyspnoea, and fatigue (11, 12). Asymptomatic individuals can also test positive for COVID-19 
(13, 14).

Several risk factors have been identified that are associated with increased risk of 
hospitalisation, severe disease, and fatal outcome with COVID-19. Older age (15-17), male sex (18, 
19), non-white ethnicity (19, 20), comorbidities such as diabetes, hypertension, and lung disease (16, 
21-23), malignancy and immunodeficiency (24-26) have all been associated with a greater severity of 
COVID-19. The host genetic background is also thought to have an influence on the susceptibility of 
infection and severity of disease caused by SARS-CoV-2, possibly explaining the broad spectrum of 
clinical manifestations that can develop in seemingly similar individuals. A large international study 
involving more than 46,000 individuals with COVID-19 across 19 counties and six ancestry groups 
identified 13 loci in the human genome that may be associated with SARS-CoV-2 infection and 
increased severity of the disease (27). Four loci; SLC6A20, RPL24, ABO, PLEKHA4 were associated with 
general susceptibility to SARS-CoV-2 and nine; LZTFL1, FOXP4, TMEM65, OAS1, KANSL1, TAC4 , DPP9, 
RAVER1, and IFNAR2 were associated with increased risk of severe disease (27). Two genome wide 
association studies (GWAS) across Europe, the United States (US) and United Kingdom (UK) have 
identified a gene cluster on chromosome three (chr3p21.31 ) as being strongly associated with 
susceptibility and severity of COVID-19 (28, 29). Rs11385942 at locus 3p21.31, rs657152 at locus 
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9q34.2, and ABO rs9411378 were associated with increased susceptibility to COVID-19, while LZTFL1 
rs13078854 was associated with increased susceptibility and a greater disease  severity (28, 29). 
Additionally, research highlights the crucial role angiotensin-converting enzyme 2 (ACE2) and 
transmembrane protease serine 2 (TMPRSS2) polymorphisms play in SARS-CoV-2 viral entry (30). 
Increased ACE2 receptor levels have been associated with risk factors of COVID-19 including smoking 
and increasing age (31). It would therefore be entirely plausible that variants of ACE2 and increased 
ACE2 receptor levels are associated with increased susceptibility and disease severity.  A recent 
comparative genetic analysis of approximately 81,000 human genomes suggested possible 
associations of ACE2 and TMPRSS2 genetic polymorphisms with COVID-19 susceptibility and severity 
(Hou et al., 2020 (32). This study identified 63 potentially deleterious variants in ACE2 and 68 
deleterious variants in TMPRSS2. Specifically, they found that 39% and 54% of deleterious variants in 
ACE2 occur in African/African-American and Non-European populations, respectively (32). The 
differential polymorphisms across ethnic populations may explain why certain ethnic groups are more 
susceptible to severe COVID-19 infection.

4. Virology of SARS-CoV-2
SARS-CoV-2 is a positive-stranded ribonucleic acid (RNA) virus belonging to Coronaviridae 

family and the Nidovirales order. These viruses, which appear as crownlike structures, have genomes 
ranging from 25kb to 32kb, making them the largest known RNA viruses and are thought to primarily 
infect vertebrates (33, 34). SARS-CoV-2 belongs to the beta genus of the coronaviruses and has a 
genome varying from 29.8kb to 29.9kb in size (35). Human coronaviruses (HCoV) genomes consist of 
a variable number of open reading frames (ORFs), which is a sequence of nucleotide triplets, that are 
read as codons specifying amino acids, which contain no stop codons. Following the typical 5’-3’ order, 
the beginning two-thirds of the SARS-CoV-2 genome contains two ORFs, ORF1a and ORF1b which, 
inside the host cell, are translated at the rough endoplasmic reticulum into polyprotein 1a (pp1a) and 
polyprotein 1ab (pp1ab), respectively (35).  These polyproteins are cleaved into 16 non-structural 
proteins (nsp); nsp1-11, from pp1a and nsp12-16, from pp1ab. The proteolytic release of nsp1 occurs 
rapidly, which enables it to interfere with translation processes of the host cell by inducing cellular 
mRNA degradation (36-38). Nsp2-16 contain the replication and transcription complex (RTC) of the 
virus and are thought to harbour multiple enzymes with many functions including, proteases, helicase, 
polymerase, exo- and endo-nuclease, N7- and 2’O-methyltransferases, and de-ubiquitination enzymes 
(39, 40). The final third of HCoV genomes contain genes that encode structural and accessory proteins. 
The four major structural proteins encoded by this region of the genome are the nucleocapsid (N), 
membrane (M), envelope (E), and spike glycoprotein (S) proteins (41, 42). The N protein is associated 
with the viral RNA genome and is involved in RNA synthesis regulation and may also interact with the 
M protein during viral budding (34, 43). The M protein is important for viral assembly, it contains a 
short N-terminal domain that projects onto the external surface of the envelope and a long internal C 
terminus (34). The E protein function is largely unknown; however it spans the envelope and, along 
with the N and M proteins, is required for viral assembly and release (42) . Lastly, the S protein gives 
coronaviruses their characteristic spikes that compose their crownlike appearance. This protein 
projects through the viral envelope, is heavily glycosylated, and regulates host cell membrane 
receptor binding and fusion of the viral and cellular membrane (44). The functions of the eleven 
accessory proteins encoded within the one-third closest to the 3’ end of the SARS-CoV-2 genome are 
not fully understood. These accessory proteins are encoded by the ORF3a, ORF3b, ORF3c, ORF3d, 
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ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORC9c, and ORF10 genes. Some of these proteins, including 
ORF3b, ORF6, ORF7a and ORF8 are important interferon antagonists and hence impair the host cell 
immune response (45-48), while ORF3a may promote virus release (49) and is involved in apoptosis 
of host cells through caspase-3 activation (50). ORF9b and ORF9c are known to supress the host 
antiviral response by interacting host cell organelles (51-53), while a clear understanding of the 
functions of ORF3c, ORF7b, and ORF10 remains elusive (54). Figure 1 (A and B) outlines the genome 
and structure of SARS-CoV-2.   

The S protein, which is composed of two functionally distinct subunits (S1 and S2), is 
essential for viral entry into host cells. The N-terminal S1 domain of the protein contains the receptor-
binding domain (RBD) that directly interacts with the host cell and therefore determines the tropism 
and pathogenicity of the virus (55). The C-terminal S2 domain, meanwhile, causes the host and viral 
membranes to fuse and allow for entry of the viral genome into the host cell (56). The RBD of SARS-
CoV-2 contains the structural information required for the S protein to interact with host ACE2 
receptors, the primary receptor that SARS-Cov-2 utilises for cell entry (57). Following binding between 
the S glycoprotein and the host cell receptor, host cell proteases cleave the S protein which results in 
the release of the S2 domain, allowing for fusion and cell entry (58). Figure 1 (C and D) demonstrate 
the structure and function of the S protein. 

TMPRSS2 is a host cell protease that plays an important role in activating the SARS S protein 
and facilitating fusion of viral and cell membranes (59), while TMPRSS2 has also been shown to play a 
role in the spread of the virus in the airways of SARS-CoV animal models (59). Host cell cathepsin L has 
also been demonstrated to play a role in SARS-CoV-2 entry into the host cell, with it thought to cleave 
the S protein and enhance viral entry (60). Indeed, a clinically approved protease inhibitor has been 
shown to block SARS-CoV-2 cell entry (61). 
Moreover, the ACE2 receptor has been found to be expressed in numerous cell types throughout the 
human body, including in the lungs, the oral and nasal mucosa, the heart, gastrointestinal tract, 
kidneys, liver, spleen, brain, and endothelial cells of the blood vessels (62), highlighting the widespread 
infection that SARS-CoV-2 can inflict. Figure 2 depicts the mechanism by which SARS-CoV-2 gains entry 
into and replicates inside host cells, and overviews the host cell immune response. 

4.1 Other human coronaviruses
HCoVs have been characterised since the 1960s (63) and, more recently, have been the group 

of viruses responsible for three large outbreaks that have resulted in illness and death throughout the 
world. The first HCoV outbreak, caused by SARS-CoV, began in Foshan city, Guangdong Province, China 
in November 2002 (64) and became global in 2003, with a worldwide mortality rate of 10%, although 
only 8098 cases were reported (65, 66). The genome of SARS-CoV-2 is 80% similar to SARS-CoV (67), 
however, SARS-CoV-2 has a higher reproduction number, which highlights it’s increased 
transmissibility (68). A furin cleavage site that is present in SARS-CoV-2 has been shown to facilitate S 
protein priming and to improve the efficiency of the spread and virulence of SARS-CoV-2 in 
comparison to other beta coronaviruses, which lack this cleavage site (69, 70). Moreover, compared 
with SARS-CoV, SARS-CoV-2 binds to the ACE2 receptor an estimated two-four times more strongly 
(71). The second HCoV outbreak was caused by Middle East Respiratory Syndrome (MERS-CoV). MERS-
CoV was first reported in 2012 in Jeddah, Saudi Arabia (64) and has since been detected in 27 
countries, resulting in 858 known deaths due to the infection (72). SARS-CoV-2 shares only 50% genetic 
similarity with MERS-CoV (70) while, unlike SARS-CoV-2, MERS-CoV binds to dipeptidyl-peptidase 4 
(DPP-4) in order to gain entry to human host cells (73). It is thought that the SARS-CoV virus originated 
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from Chinese horseshoe bats (74, 75), while the MERS-CoV virus is thought to have been passed to 
humans from dromedary camels, which acted as an intermediate host from its bat origin (76, 77). The 
genome of SARS-CoV-2 has been reported to be more than 80% identical to previous human 
coronaviruses  (78) with better sequence identity to SARS-CoV than MERS CoV (79). However, SARS-
CoV-2 has a little homology with SARS-CoV in the regions of ORF8, ORF3B, ORF10 and S proteins (80, 
81). Two other beta coronaviruses, HCoV-HKU1 and HCoV-OC43, and two alpha coronaviruses HCoV-
229E and HCov-NL63 are known to infect humans, however these usually only cause mild respiratory 
infections in humans (70, 82).   

5. Variants of SARS-CoV-2 
Most viral mutations have a limited impact on the viruses’ effectiveness to infect, replicate, 

escape host immunity, and transmit, however, certain mutations may give a viral strain a competitive 
advantage and, through natural selection, give it the ability to become dominant. Although RNA 
viruses usually have higher rates of mutation compared to DNA viruses, a mutation correcting enzyme 
encoded by coronaviruses reduces the number of mutations that are made during replication (83).  
During the emergence and spread of SARS-CoV-2, the virus will have mutated numerous times, with 
estimates suggesting that circulating lineages acquire nucleotide mutations at rates of around one to 
two mutations per month (84). 

The WHO have been tracking and monitoring possible mutations and variants since the 
COVID-19 pandemic began in order to identify variants of concern. Certain variants that have 
appeared during the COVID-19 pandemic have a significantly increased level of transmissibility and 
disease severity; these have been termed variants of concern (VOC). Meanwhile, variants that we have 
a limited knowledge of but may have a greater ability to cause more severe disease than the original 
strain, are classified as variants of interest (VOI) or variants under monitoring (VUM). The full working 
definitions of VOC, VOI and VUM can be found on the WHO ‘tracking SARS-CoV-2 variants’ website 
(5). As of the 22nd October 2021, the WHO has reported four VOC; Alpha, Beta, Gamma, and Delta, 
two VOI; Lambda and Mu, and fifteen VUM (Table 1). Globally as of the 19th October 2021, the Alpha 
variant has been reported in 196 countries; the Beta variant has been reported in 145 countries; the 
Gamma variant has been reported in 99 countries; and the Delta variant has been reported in 193 
countries (85). 

5.1 Variants of concern
5.1.1 Alpha 

The Alpha SARS-CoV-2 variant, of the B.1.1.7 Pango lineage, was first documented in the UK 
in September 2020 and classified as a VOC on 18th December 2020 (5, 86) and, as of 19th October 2021, 
has been reported in 196 countries (85). This variant contains eight mutations in the S gene, three of 
which may have potential biological effects. First, the S protein residue 501 is a key contact residue 
within the RBD, which makes the N501Y mutation that the Alpha variant harbours a notable one. The 
N501 residue in the RBD of the S protein forms a portion of the binding loop in the contact region of 
the ACE2 receptor, forms a hydrogen bond with the Y41 residue of the ACE2 receptor, and stabilises 
the ACE2 K353 residue (87-89). It is widely believed that the N501Y mutation increases the binding 
affinity of the RBD to the ACE2 receptor (90), while this mutation has also been associated with an 
increase in infectivity and virulence in mice (91). Next, the S protein residue 681 is located immediately 
adjacent to the 682-685 furin cleavage site, at the interface of the S1 and S2 domains (92). The S1/S2 
furin cleavage site is not found in coronaviruses closely related to SARS-CoV-2 and this site has been 
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demonstrated to promote entry into respiratory epithelial cells and increase transmissibility (93-95). 
The P681H mutation found in the Alpha variant of SARS-CoV-2 may enhance the abilities of the furin 
cleavage site by making it less acidic and, therefore, allowing the site to be more effectively recognised 
and cleaved by furin and therefore, enhance transmissibility (96, 97). This variant also harbours a 
D614G mutation which has been shown to increase SARS-CoV-2 binding affinity to the ACE2 receptor 
and increase infectivity (98). Additionally, the Alpha variant contains a two amino acid deletion at the 
sites 69-70 in the S protein, which is a recurrent deletion frequently observed in the N-terminal 
domain of the S protein that may enhance the ability of the virus to escape antibody detection (99, 
100). Other mutations have been identified in the Alpha SARS-CoV-2 variant, however, these are likely 
to have limited or no effect on the efficacy of the virus (101). In February 2021, genetic sequencing 
found viruses of the B.1.1.7 lineage with the added mutation of E484K. The E484 residue is located in 
the RBD and variants with the E484K mutation were found to be more resistant to neutralising 
vaccine-elicited and monoclonal antibodies compared to the B.1.1.7 lineage without the E484K 
mutation, suggesting it may threaten the efficacy of vaccines (102). Fortunately, this variant failed to 
become the dominant strain, with a total of only 46 confirmed and probably cases of this variant 
detected in the UK (103). 

Several studies have explored the epidemiology of the Alpha variant. In Madrid, Spain, the 
probability of admission to an intensive care unit (ICU) was twice as high in patients infected with the 
Alpha variant compared to those infected with the original strain, , the Alpha variant quickly became 
the dominant strain within four months, and led to an increase in disease burden as a result (104). 
Meanwhile, in Cannes, France, being infected with the Alpha variant was associated with a 3.8-fold 
higher risk of transfer to an ICU or death in comparison to the older viral strain (105). During the third 
COVID-19 wave in Ontario, Canada, where 91% of infections were caused by the Alpha variant, the 
risk of both hospitalisation (adjusted odds ratio (OR) =1.57) and death (adjusted OR=1.52) was higher 
compared to infections with wild-type infections (106). A similar trend was seen in Alberta, Canada 
(106).  Overall, the Alpha variant has proven to be approximately 50-70% more transmissible and 
increase the risk of hospitalisation and death by around 30-60% compared to the original strain (107-
112).

The Alpha variant has been shown to have a minimal impact on the neutralising activity of 
current vaccines, however (113, 114), while the risk of reinfection remained similar for this variant as 
with previous ones (115). On 3rd September 2021, the European Centre for Disease Prevention and 
Control (ECDC) reclassified the Alpha variant from a VOC to a ‘de-escalated variant’ based on at least 
one of the following criteria; the variant is no longer circulating, had circulated for a long period 
without affecting the global epidemiological situation, and evidence demonstrates that it is not 
associated with any concerning properties (116). The Alpha variant B.1.1.7 with the additional E484K 
mutation has also been deesculated by the ECDC (116).

5.1.2 Beta
The Beta SARS-CoV-2 variant, of the B.1.351 Pango lineage, was first documented in South 

Africa in May 2020 (5) and has been reported in 145 countries, as of 19th October 2021 (85). The ECDC 
state that the Beta variant contains five S protein mutations of interest; N501Y, E484K, K417N, D614G, 
and A701V. Homogenously to the Alpha variant, the Beta variants contain the S protein mutations 
N501Y and E484K, which have been found to increase ACE2 receptor binding affinity (90), increase 
virulence (91), and have heightened resistance to neutralising antibodies (102). The K417 residue of 
the SARS-CoV-2 S protein interacts with the ACE2 receptor by forming a salt bridge with the D30 

Page 8 of 46

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



residue of ACE2, across the central contact region (87, 88), however, the K417N mutation appears to 
have a limited impact on ACE2 receptor binding (90). The D614 residue is not located within the RBD, 
rather it is located between the S1 and S2 subunits. The D614G mutation does change the receptor 
binding conformation, however, leading to an increased binding affinity to the ACE2 receptor and an 
increase in infectivity (98). This mutation has been shown to increase viral loads, increase 
transmissibility, and is associated with infecting younger people, however, it does not increase disease 
severity (117, 118). Additionally, D614G mutated SARS-CoV-2 has a greater resistance to 
neutralisation by antibodies than the D614 residue expressing virus, as measured using hamster sera 
(119). The A701V mutation is located close to the furin cleavage site but has a minimal effect on 
transmissibility or antibody resistance (113).

In a genomic and epidemiological study conducted in South Africa, it was concluded that the 
Beta SARS-CoV-2 variant had a selective advantage over previous variants from its increased 
transmissibility and immune escape abilities (120, 121). Another study found that the E484K/N501K 
mutations significantly enhanced the binding affinity of the Beta variant and, hence, increased its 
transmissibility (122). A retrospective cohort study in the US found that infection with the Beta variant 
was associated with an increased hospitalisation risk compared to an infection with a non-VOC, with 
a hazard ratio of 2.30 reported (112). Overall, the Beta variant is approximately 25-50% more 
transmissible, is associated with a possible increase in risk of hospital mortality and has a resistance 
to antibody neutralisation from antibodies created through contact with previous variants (120, 121, 
123). 

5.1.3 Gamma 
The Gamma variant belongs to the P.1 Pango lineage and was first reported in November 2020 

from travellers returning to Japan from Brazil, and was then later discovered in Brazil (5, 124). Cases 
of the Gamma variant have been reported in 99 countries, as of 19th October 2021 (85). This variant 
contains 11 non-synonymous mutations in the S protein compared to the B.1.1.28 lineage (124), which 
Gamma is thought to have evolved from, with K417T, E484K, N501Y, D614G, and H655Y being 
classified as S mutations of interest by the ECDC (116). Some of the mutations identified within the 
Gamma variant genome are shared with the Alpha and Beta variants. The aforementioned N501Y and 
D614G mutations are also present within the Alpha variant and have been demonstrated to increase 
ACE2 receptor binding affinity and increase infectivity of the SARS-CoV-2 virus (90, 98). Meanwhile, 
the N501Y, K417N/T, and E484K mutation triplet is similarly shared by both Gamma and Beta variants. 
The trinity of mutations present in these variants enhances the infectivity and lethality of them, in 
comparison to SARS-CoV-2 variants containing the N501Y mutation alone, possibly due to tighter 
binding of the viral S protein to the ACE2 receptor as a result of increased electrostatic contribution 
(125). Furthermore, as previously mentioned, the N501Y, K417N/T, and E484K mutations all enhance 
ACE2 receptor binding and infectivity of the SARS-CoV-2 virus individually. The Gamma variant also 
possesses the H655Y mutation, located outside of the RBD in the S protein. This mutation has been 
shown to provide enhanced viral escape abilities from multiple human monoclonal antibodies in vitro 
(126).  

The Gamma SARS-CoV-2 variant is associated with a heightened transmissibility (122, 123, 
127), with one study concluding that it holds a 1.7- to 2.4-fold increased level of transmissibility 
compared to previous variants (128). An epidemiological study conducted in Brazil found that the 
second local COVID-19 wave, caused by the Gamma variant, was associated with an increased death 
rate compared to the first wave. The wave associated with the Gamma variant saw a 13% increase in 
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death rate compared to the first wave, suggesting that the Gamma variant had a greater pathogenicity 
and virulence than the original strain (129). A surveillance study that collated data from seven 
European countries concluded that the Gamma variant was associated with a higher adjusted odds 
ratio for hospitalisation (OR=2.6) and admission to an ICU (OR=2.2) when compared to non-variant 
cases (130). In Manaus, Brazil the resurgence of COVID-19, despite high seroprevalence, suggested 
that the Gamma variant had a moderate resistance to neutralising antibodies (131) and, while the 
E484K, K417N/T, and N501Y mutation triplet present in the Gamma variant may increase ACE2 binding 
affinity, this variant has been shown to be significantly less resistant to antibodies, either naturally 
acquired or vaccine-induced, compared to other variants containing these mutations, including the 
Beta variant (132). This reduced resistance to neutralisation could possibly be due to mutations 
outside of the RBD. 

5.1.4 Delta
The Delta variant, from the B.1.617.2 lineage, was first documented in India in October 2020 

and was later classified as a VOC on 11th May 2021 (5). As of 19th October 2021, the Delta variant has 
been reported in 193 countries (85). The Delta variant has spread around the world rapidly, and is now 
the dominant variant in many counties, including the UK (103, 116). Of the S protein mutations of 
particular interest, P681H, present in the Alpha variant, and D614G, present within the Alpha, Beta, 
and Gamma variants, are also harboured by the Delta variant (116) and will have similar impacts on 
ACE2 receptor binding affinity and transmissibility. The Alpha (B.1.1.7 with E484K), Beta, and Gamma 
variants all harbour the same mutation in the E484 residue, within the RBD of the SARS-CoV-2 virus. 
The Delta variant, meanwhile, harbours the E484Q mutation, which, along with a L452R mutation also 
located in the RBD, demonstrates significantly higher affinity for the ACE2 receptor than the wild-type 
or the E484K mutation alone (133). Furthermore, the L452R mutation alone is likely to result in greater 
RBD-ACE2 receptor binding affinity as well as enhanced escape from neutralising antibodies (134, 
135). The T478K mutation is currently unique to the delta variant (136). The position of this mutation 
is within the RBD, on the interface between the S protein and the ACE2 receptor when bound. The 
amino acid change in this mutation likely increases the electrostatic potential of the S protein to a 
more positive surface, while the lysine residue encoded by this mutation has a larger side chain than 
the wild-type threonine, therefore may further affect the binding affinity by increasing steric 
hindrance (137). 

 The Delta variant is now the dominant strain circulating in the UK (138), US (139), Europe, 
and around the world (140), probably due to its increased transmissibility and ability to escape the 
host immune response. The mutations present harboured by the Delta variant, especially those within 
the RBD, have enhanced the transmissibility of the SARS-CoV-2 virus as a result of increased binding 
affinity to the ACE2 receptor (122). It is estimated that the transmissibility of the Delta variant is 97% 
greater than that of previous variants, approximately three times that of the Alpha, Beta, and Gamma 
variants (123). This, in addition to the higher reproduction number of the Delta variant compared to 
others (123), highlights the competitive advantage that this variant has over previous ones and how it 
has rapidly become the dominant strain around the world. In addition to its increased transmissibility, 
the fast replication rate of the Delta variant may have contributed to its rise to become the dominant 
SARS-CoV-2 strain. A study that sequenced the viral samples from a number of participants discovered 
that the Delta variant could be detected by PCR test within the first four days from exposure, while 
non-Delta variant infections could only be detected after six days. Furthermore, the relative viral loads 
of people infected with the Delta variant were 1260 times higher than that of people infected with 
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SARS-CoV-2 viruses from 19A and 19B clades (141). Together, these findings suggest that the Delta 
variant replicates faster and more than previous variants. Another study corroborated this, finding 
that the relative viral load of those infected with the Delta variant was 2.5-fold higher than the viral 
load of those infected with the Beta variant (P<0.05) (142). This variant is also thought to be better 
equipped at escaping the host immune response. In India, the frequency of post-vaccination infections 
was much higher for the Delta variant than infections with the wild-type (B.1) strain (143), while blood 
sera samples from individuals who had received one dose of an approved COVID-19 vaccine showed 
a minimal amount of neutralisation of the Delta variant (144), demonstrating that this variant is 
associated with escape from antibodies. Overall, the combination of increased transmissibility, high 
reproduction rate, and enhanced escape from host immunity have contributed to the spread of the 
Delta variant and its rise to dominance. 

In addition to having a higher infectivity, the Delta variant has been associated with an 
increased severity of disease. In Scotland, infection with the Delta variant was associated with an 
increased risk of hospitalisation (hazard ratio=1.85) compared to infection with the Alpha variant 
(145), while in Canada, infections with the Delta variant were associated with a 108% increased risk 
for hospitalisation, a 234% increased risk for admission to an ICU, and a 132% increased risk of death, 
compared to non-VOC infections (146). A retrospective cohort study conducted in the US concluded 
that risk of hospitalisation was higher for those infected with the Delta variant (hazard ratio=2.30) 
compared to those infected with a non-VOC variant (112). Lasty, another study demonstrated that the 
Delta variant infected and caused the development of symptoms and hospitalisation of significantly 
younger people, compared to the B.1 strain, while the risk of death was around 1.8 times higher for 
the Delta variant (143). 

5.2 Variants of interest
5.2.1 Lambda

The Lambda variant belongs to the C.37 lineage, was first documented in Peru in December 
2020, and was designated as a VOI on 14th June 2021 (5). This variant contains the S protein mutations 
D614G, L452Q, and F490S (116). As previously mentioned, the D614 residue of the S protein is located 
outside of the RBD, however, the replacement of this by the G614 residue alters the receptor binding 
conformation and increases binding affinity to the ACE2 receptor (98). This mutation has been 
demonstrated to increase viral loads, transmissibility, and resistance to neutralisation (117-119). The 
Lambda variant harbours two novel mutation within the RBD; L452Q and F490S. The L452 residue is 
also mutated in the Delta variant which, although the leucine is replaced with arginine rather than 
glutamine, results in greater ACE2 receptor binding affinity and enhanced escape from neutralising 
antibodies (134, 135). A study demonstrated that the Lambda S protein increases infectivity, an effect 
that is solely due to the L452Q mutation (147). This was likely due to an increased binding affinity for 
the ACE2 receptor (147). This study also demonstrated that the Lambda variant was resistant to 
vaccine-induced antibody neutralisation, an effect that was attributed by the L452Q and F490S 
mutations (147). Furthermore, a large-scale study that assessed 506,768 SARS-CoV-2 genome isolates 
from patients with COVID-19 and identified the F490S mutation as a high-risk mutation that enhances 
vaccine-escape from the host immune response (147). 

Currently, studies examining the Lambda variant are limited, however one study found that 
the infectivity of this variant was higher than the Alpha, Gamma, and D614G containing lineage B 
variants (148), suggesting that this variant may hold the potential to spread more rapidly and 
effectively than previous ones. The ability of the Lambda variant to escape host immunity is currently 
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controversial. The aforementioned study found that, compared to the wild-type SARS-CoV-2 virus, 
neutralisation was decreased by 3.05-fold for the Lambda variant, while for the Gamma and Alpha 
variants a 2.33- and 2.03-fold reduction was found, respectively (148). This finding suggests that the 
Lambda variant is more resistant to neutralisation than the Gamma and Alpha variants. Contrastingly, 
another study concluded that the Lambda variant could be neutralised by monoclonal antibodies and 
that current vaccines will continue to be protective against this variant (147). 

5.2.2 Mu
The Mu variant is from the B.1.621 lineage and was first documented in Columbia in January 

2021, before receiving designation as a VOI on 30th August 2021 (5). This variant contains S protein 
mutations also harboured by previous variants, including E484K, N501Y, D614G, and P681H (116), 
therefore will provide this variant with similarly increased levels of transmissibility and immune 
escapes compared to the wild-type virus. The Mu variant also contains the R346K mutation, which is 
a S protein mutation of interest and is located within the RBD (116, 149). The R346K mutation has 
been found to induce large binding free energy changes that could potentially disrupt the binding of 
antibodies to the S protein and enhance the ability of the Mu variant to escape neutralisation (150). 
As mentioned with previous variants, the E484K, N501Y, D614G, and P681H mutations have been 
shown to increase transmissibility (90, 91, 96, 98, 117, 118, 122, 125) and neutralisation escape (102, 
119) which suggests the Mu SARS-CoV-2 variant is likely to be more infectious than the wild-type virus, 
as well as other previous variants. 

The development and spread of VOI will need to be closely monitored and studied in order to 
appreciate their pathogenicity, transmissibility and lethality. 

5.3 VUM
VUM are defined by the WHO as in section 5.1. There are currently fourteen VUM listed by 

the WHO (5), which are described in table 1. 

6. Vaccinations 
The COVID-19 pandemic has resulted in detrimental outcomes for health, healthcare systems, 

and the economy around the world and has prompted a rapid international search for a safe, effective, 
and timely treatment therapy for the SARS-CoV-2 infection and its associated disease. Research from 
previous vaccine development highlights that vaccines can induce a strong immune response against 
the S protein and, generally, have a significant blocking effect that effectively prevents entry into host 
cells (151). In line with previous vaccine development, including for both SARS-CoV and MERS-CoV, 
the S protein is a key target for COVID-19 vaccine development (152). Vaccines have been shown to 
be highly efficacious in preventing infection and severe disease from SARS-CoV-2. According to the 
WHO, the first mass vaccination programme started in early December 2020 (153). As of 20th October 
2021, there are 23 approved vaccines in use in 194 countries, with seven vaccines having gained 
emergency use listing approval from the WHO (6), highlighting their tolerability and effectiveness 
(table 2). The vaccines that have gained approval from the WHO are mRNA, non-replicating viral 
vector, and inactivated virus vaccines. Many more vaccine therapies are currently being developed 
and tested, including some that belong to the same class as those already approved, and others such 
as saRNA, DNA, and protein subunit vaccines. According to the WHO, as of 19th October 2021 there 
are 194 vaccines in pre-clinical development and 124 in clinical development (154). 
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6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine is an mRNA vaccine developed through a collaborative effort between 

Pfizer (New York, New York, US) and BioNTech (Mainz, Germany) which gained WHO emergency use 
listing on 31st December 2020 (153). As of 20th October 2021, this vaccine has been approved for use 
in 103 countries (155). BNT162b2 is a lipid nanoparticle-formulated, nucleoside-modified RNA vaccine 
that encodes the full length of the SARS-CoV-2 S protein which has been modified by two proline 
mutations to ensure it is locked into the prefusion conformation (80, 156). This vaccine prompts a host 
immune response that allows the body to create antibodies that bind to the S-protein of invading 
SARS-CoV-2 viruses and neutralises them. BNT162b2 has been demonstrated to elicit a strong and 
BNT162b2 elicits a strong and resolute interferon gamma (IFNγ) or interleukin-2 (IL-2) CD8+ and CD4+ 
Th1 cell response (157), while the highest neutralising antibody titres are found between seven and 
fourteen days after the second vaccine dose (158). In a non-human primate study, BNT162b2 
demonstrated a Th-1 biased response which resulted in complete viral clearance from three to ten 
days post-infection, while neutralising antibody response persisted for up to eight weeks (159). 

The BNT162b2 vaccine has been shown to be highly effective at protecting against SARS-CoV-2 
infection and severe disease (table 2). Two doses of this vaccine are approximately 60-95% effective 
in preventing SARS-CoV-2 infection, including those caused by VOC. 

6.2 Oxford-AtraZeneca – AZD1222
The AZD1222 vaccine is given as an intramuscular injection of a non-replicating vector of the 

chimpanzee adenovirus ChAdOx1, which has been modified to encode the SARS-CoV-2 S protein (160). 
Developed through a collaborative project between the University of Oxford and AstraZeneca 
(Cambridge, UK), this vaccine was given WHO emergency use listing on 16th February 2021 (153) and 
has been approved for use in 124 countries, as of 20th October 2021 (155). Detection of the S protein 
expressed by the modified adenovirus has been shown to induce antibody production of 
predominantly IgG1 and IgG3 subclasses, prompt a Th-1 biased response, and induce a number of 
other human immune system responses including IFNγ and tumour necrosis factor-α (TNF-α) (133, 
161). A study found that one dose of AZD1222 produced a neutralising antibody response in 91% of 
participants, while a second dose resulted in 100% of participants producing neutralising antibodies 
(162). The WHO has also listed two versions of this vaccine (AZD1222 and Covishield) for emergency 
use listing in order to utilise Covishield as part of their worldwide COVAX initiate, which are being 
produced by the Serum Institute of India and AstraZeneca-SKBio (Republic of Korea) (163). 

The AZD1222 vaccine has also been shown to be highly effective in preventing both infection 
and severe disease as a result of SARS-CoV-2, including VOC (table 2). Two doses of this vaccine 
provide approximately 55-100% protection against infection from SARS-CoV-2. 

6.3 Johnson & Johnson - Ad26.COV.2.S
Similarly to the University of Oxford/AtraZeneca AZD1222 vaccine, the Ad26.COV.2.S is also a 

non-replicating adenovirus vector that has been modified to contain the full-length SARS-CoV-2 S 
protein in a prefusion-stabilised conformation (164). Unlike AZD122, however, this vector was made 
from the recombinant human adenovirus type 26 by the Janssen pharmaceutical company of Johnson 
& Johnson (New Brunswick, New Jersey, US) (164). This vaccine was listed for WHO emergency use 
listing on 12th March 2021 (153) and, as of 20th October 2021, has been approved for use in 75 
countries (155). The SARS-CoV-2 S protein contained in the Ad26.COV.2.S vaccine elicits a host 
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immune response that induces the production of a variety of antibody subclasses, such as IgG, IgM 
and IgA, and a number of non-neutralising antibody responses, including activation of CD4+ and CD8+ 
Th1 cells and production if IFNγ, IL-2, and TNFα (164, 165). 

Johnson & Johnson’s Ad26.COV.2.S COVID-19 vaccine only requires a single dose and has also 
shown high levels of effectiveness (table 2). Being vaccinated with Ad26.COV.2.S provides 
approximately 30-85% protection against being infected with SARS-CoV-2, with a longer duration, 
such as being vaccinated for longer than 28 days, being associated a greater vaccine effectiveness than 
with being vaccinated for a shorter period of time. 

6.4 Moderna – mRNA-1273
The mRNA-1273 vaccine was developed by Moderna (Massachusetts, US), gained WHO 

emergency use listing on 30th April 2021 (153), and as of 20th October 2021, has been approved for 
use in 76 countries (155). mRNA-1273 is a lipid-nanoparticle-encapsulated mRNA vaccine expressing 
the SARS-CoV-2 S protein that has been prefusion-stabilised (166). The S protein contained in this 
vaccine elicits an immune response including antibody production and CD4+ Th1 cell activation (167). 
In one non-human primate study, by two days after vaccination, no viral replication in the nose and 
limited inflammation or viral genome in the lungs could be detected (168), while in another study, 
mRNA-1273 was the top ranked vaccine when assessing the efficacy of 18 COVID-19 vaccines (159). In 
humans, neutralising antibody titres have been shown to significantly increase up until around 28 days 
following the second dose of the vaccine, and afterwards remain consistently high (169). 

The mRNA-1273 vaccine has been demonstrated to be highly effective in preventing infection 
with, and negative outcomes following SARS-CoV-2 infection (table 2). Two doses of the vaccine 
confer approximately 50-95% protection against infection from SARS-CoV-2 and its variants. 

6.5 Sinopharm - BBIBP-CorV
The Sinopharm BBIBP-CorV COVID-19 vaccine was developed by the Beijing Bio-Institute of 

Biological Products, a subsidiary of China National Biotec Group, and was given WHO emergency use 
listing on 7th May 2021 (153). As of 20th October 2021, this vaccine has been approved for use in 67 
countries (155). The Sinopharm BIBP vaccine is an inactivated SARS-CoV-2 antigen that is produced in 
Vero cells, inactivated by β-propiolactone, and then purified and absorbed with aluminium hydroxide 
(170). The inactivated vaccine is based on the SARS-CoV-2 19nCoV-CDC-Tan-HB02 (HB02) strain (170). 
A phase 1/2 clinical trial of this vaccine demonstrated that 100% of participants that received the 
vaccine produced a neutralising antibody response by day 42 after the second dose (171), while it has 
also been shown that this vaccine induces the production of IgG and IgA antibodies and a IFNγ positive 
T-cell response (172).

Studies have demonstrated that two doses of the BBIBP-CorV vaccine confers a strong 
effectiveness against infection and severe disease as a result of SARS-CoV-2 (table 2).   

6.6 Sinovac - CoronaVac
The Sinovac CoronaVac vaccine was developed by Sinovac Biotech (Beijing, China), was listed 

for WHO emergency use listing on 1st June 2021 (153), and has been approved for use in 41 countries, 
as of 20th October 2021 (155). Like the BBIBP-CorV vaccine, this vaccine is a Vero cell-based, aluminium 
hydroxide-adjuvanted, β-propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 
CZ02 strain (173). CoronaVac has been shown to produce an adequate neutralising antibody response 
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(174), however, this response is lower for infections with VOCs compared to those with the wild type 
strain (175).   

Alike the previous vaccines, CoronaVac provides a strong protection against SARS-CoV-2 
related infection, hospitalisation, and death especially after the recommended two doses (table 2).

6.7 Other approved vaccines 
In addition to the vaccines described above that have received emergency use listing from the 

WHO, companies around the world have developed, tested and approved vaccines to combat COVID-
19. As of 20th October 2021, 23 vaccines, including the seven described above, have been approved 
(6). The remaining 16 approved vaccines consist of a range of vaccine types and are outlined in table 
3.

6.8 Waning immunity and boosters
Throughout the COVID-19 pandemic, the scientific community has been troubled by the effect 

that emerging SARS-CoV-2 variants may have on the effectiveness of the vaccine rollout. Indeed, a 
combination of mutations could lead SARS-CoV-2 to develop an exceptional ability to escape 
neutralisation by vaccine-induced antibodies, rendering the current vaccine strategy insufficient. 
Although circulating variants have been shown to decrease the effectiveness of certain vaccines (table 
2), the current vaccines still confer a robust effectiveness against the current VOC. Another issue is 
that of waning immunity following administration of a COVID-19 vaccine that brings into question the 
importance of a booster dose. Indeed, immunity against SARS-CoV-2 following full vaccination has 
been demonstrated to decrease over time, both in terms of antibody titre and vaccine effectiveness. 
One study found that the SARS-CoV-2 S antibodies decreased by two-fold and five-fold between 21-
41 days and 70 days following the second dose of the BNT162b2 Pfizer/BioNtech vaccine and the 
AZD1222 Oxford University/AstraZeneca, respectively (176). Contrastingly, a six-month longitudinal 
observational study demonstrated that neutralising antibody levels did not decrease as much as 
initially feared, in their cohort of 196 hospital workers (177). However, a systematic review of 150 
studies concluded that antibody titres do gradually decrease from around eight weeks post-
vaccination but suggested that further evidence is required to fully understand this decline (178). In 
addition to antibody production, COVID-19 vaccines induce other immune factors, which may also 
play a role in long-lasting, or the decline of, immunity against COVID-19. Several studies have 
demonstrated that vaccine effectiveness decreases over time. One such study found that the 
effectiveness of the BNT162b2 vaccine against SARS-CoV-2 infection decreased from 77.5% at one-
month after second dose to 17.3% at six-months after second dose, with a decrease also seen in the 
effectiveness of the vaccine against severe or fatal infection (179). Other studies have corroborated 
this finding (180, 181), demonstrating that effectiveness of the BNT162b vaccine weakens over time. 
Similar waning in immunity against SARS-CoV-2 infection has been seen following full vaccination with 
the mRNA-1273 vaccine (182). Together, these findings suggest that a booster COVID-19 vaccine dose 
may be required to regain levels of immunity in some individuals. 

As booster programme rollouts are still in their infancy, there is limited evidence on their real-
world effects, however, data is beginning to infer the utility of a booster vaccine dose. On 30th July 
2021, On 30th July 2021, Israel was the first country to offer a third dose of the BNT162b2 vaccine to 
people aged 60 years or older and who had been fully vaccinated for at least five months. Since then, 
a study has revealed that a third dose was effective, with those receiving the booster dose significantly 
less likely to be infected with SARS-CoV-2 or be severely ill with the virus, compared to those who did 
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not receive the booster (183). In a phase 2 randomised controlled trial, a third dose of vaccine 
significantly increased neutralising antibody titres, which had decreased below the seropositive cut-
off after six to eight months following the prime vaccination regimen (184). Another trial showed that 
a third dose of mRNA-1273 or variant-targeting variations of the mRNA-1273 vaccine, administered 
six to eight months after the primary series, significantly improved titres of neutralising antibodies, 
which were waning before the booster dose was given. Moreover, all boosters were found to increase 
neutralisation tires against Beta, Gamma and Delta variants (185). Other studies have corroborated 
the findings discussed here with other vaccines (186, 187). Heterologous boosting, whereby a 
different vaccine is given from that given in the primary regimen, has been shown to be well tolerated 
and induce humoral and cellular responses similar to that of homologous boosting (187-189). There is 
increasing evidence that booster doses of COVID-19 vaccines are well tolerated and effective at 
boosting immunity and reducing the risk of SARS-CoV-2 infection, therefore, it is likely that many 
countries will implement vaccine booster programmes, if they have not already done so. It is still 
unclear, however, who will most likely benefit from receiving a booster dose and which sections of 
the population will receive it. Furthermore, not all countries are fortunate enough to be in the position 
to offer booster vaccines, which highlights the controversy of these programmes and the disparity in 
vaccine rollouts around the world. 

7. Considerations for the future
In recent history, only the 1918 ‘Spanish flu’ pandemic, caused by the H1N1 virus, has resulted 

in a greater amount of illness and death than the current COVID-19 pandemic (190). Pandemics are 
an unpredictable aspect of nature and it is important that we learn from the current and past 
pandemics in order to prepare for future ones. The responsibility of improving pandemic response lies 
with policy makers, the medical/scientific community, and the public, and will ultimately require a 
collaborative approach. Scientists argue that, globally, we did not learn from the previous SARS-CoV 
and MERS-CoV pandemics and were ill-prepared for the COVID-19 pandemic (191). One example of 
this ill preparation was the lack of availability of personal protective equipment (PPE) and medical 
devices that were vital for protecting healthcare workers and treating patients. Global limited 
availability of PPE was a result of many factors, including a sudden increased demand and price, and 
severe disruptions to global supply chains.  Therefore, a major lesson to take from this pandemic is to 
strengthen the capacity to maintain and distribute PPE stockpiles, enforce regulations on PPE, and 
remove the motive of profit for purchasing PPE products which will allow the equipment to be 
distributed more effectively and supplies to be more regularly available (192).

Additionally, the COVID-19 pandemic has highlighted the increased vulnerability of the socio-
economically deprived. Non-white ethnicity, social disadvantage (as measured by education, housing 
and income), and unemployment are risk factors for testing positive for COVID-19 (193), while non-
white ethnicity is also associated with COVID-19 related death (20). Financially poorer people are also 
more often employed in occupations that do not allow them to work from home, therefore, are more 
likely to become unemployed during a global pandemic, which could have negative consequences on 
stress and mental health (194). Special consideration should be given for those who are likely to be 
most greatly affected by future pandemics. 

Funding is also essential for the current and future pandemics for immediate response and   
secondary factors, such as remote education/working, food availability, and furlough schemes, while 
taking into consideration the effect on the economic impact. It is important that governments and 
leading scientists work together to identify areas of improvement from the COVID-19 pandemic, which 
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is why inquiries into the handling of it, such as the coronavirus inquiry set to take place in the UK (195), 
are welcomed. 

Moreover, certain aspects of the response to the pandemic have been a huge triumph. The 
rapid identification, sequencing and ongoing epidemiological information related to the transmission 
and mutation of SARS-CoV-2 have helped to better understand the virus and how it spreads. 
Pharmacological developments, such as the gradual improvement of treatment strategies have helped 
to reduce the number of people that die from COVID-19, while the expeditious development, 
approval, rollout, and effectiveness of vaccines have been an enormous success. With SARS-CoV-2 
reinfection likely (196), even after infection and vaccination, policymakers should remain vigilant and 
ready to implement prevention and treatment strategies in order to prevent further waves of 
infection. Scientific-backed strategy, informed decision-making, and public involvement are three 
important steps to improve the control and response to future pandemics.

8. Conclusion
COVID-19 remains a debilitating and life-threatening disease. Although the timely 

development and rollout of vaccines have assisted in reducing the spread of the virus, it has yet to be 
eradicated. With the Delta variant continuing to circulate, and with new variants likely to arise in the 
future, we must remain vigilant to reduce the risk of further waves of infection. In this review, we have 
provided an overview of SARS-CoV-2, including its genome, structure, and routes of transmission. We 
have also outlined the mutations harboured by SARS-CoV-2 variants and how these mutations 
enhance the ability of the variants to spread more easily and inflict more severe disease. Lastly, we 
discussed the major vaccines that have been developed and administered around the world and 
provided evidence supporting the rollout of booster doses. 

Priority should be focused on maintaining efficacy of vaccines against emerging variants, 
monitoring the spread and the emergence of genetic mutations of SARS-CoV-2. Achievement of an 
effective vaccination rollout will not only help us get through this pandemic but will better our 
response and management of the next one.

Research Questions
1) How will the SARS-CoV-2 virus mutate, and which mutations will give a competitive advantage 

that will allow the virus to inflict severe disease?
2) How can we keep up with the rapidly changing SARS-CoV-2 environment and ensure vaccines 

remain effective?  
3) When should booster doses be given and who should they be given to in order to achieve the 

most effective outcome? 
4) How can we learn from the current and past pandemics so that we are better prepared for 

the next one? 

Patient Involvement: Patients who had been infected with covid-19 were contacted and requested to 
review the initial drafts of this manuscript. The received feedback was mostly positive and assisted in 
developing and focusing our review. Final drafts were also reviewed by patients who had had covid-
19 and similar positive feedback was received.
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Figure Legends:
Figure 1: Genome and structure of SARS-CoV-2. A) SARS-CoV-2 genome and S protein amino acid 
composition. The SARS-CoV-2 genome is approximately 30,000 base pairs (bp) long and consists of 
open reading frames (ORF) and elements that are essential for the virus’ structure. The spike S protein 
is responsible for binding and entry into host cells. SARS-CoV-2 variants of concern (VOC) contain 
various S protein non-synonymous mutations that result in amino acid changes in the receptor binding 
domain (orange text) and the S1/S2 subunit interface (black text) which have been demonstrated to 
enhance transmissibility of the virus. VOC include Alpha (α), Beta (β), Gamma (γ), and Delta (δ). B) 
SARS-CoV-2 structure. SARS-CoV-2 is a RNA virus that has a crown-like appearance and contains four 
major structural proteins: nucleocapsid (N), spike (S), envelope (E), and membrane (M). C) S and ACE2 
interaction. The SARS-CoV-2 S protein directly interacts with human angiotensin-converting enzyme 
2 (ACE2) receptors in order to gain entry into host cells. The receptor binding domain (RBD) of the S 
protein tightly binds to ACE2. D) Spike protein structure. The S protein protrudes out from the main 
SARS-CoV-2 bulk and is comprised of two subunits: S1 and S2. S1 contains the RBD which directly 
interacts with the human ACE2 receptor, while the S1/S2 interface contains a furin cleavage site which 
is cleaved to allow S2 to fuse with the host cell membrane. Both the RBD and the S1/S2 interface 
contain transmissibility increasing mutations that are harboured in variants of concern.

Figure 2: Viral entry and host response. A) At the alveolar epithelial cell layer. Epithelial cells in the 
lungs express both angiotensin-converting enzyme 2 (ACE2) receptors and transmembrane protease 
serine 2 (TMPRSS2), allowing for infection by SARS-CoV-2. Replication of the virus within these cells 
induces an intense immune response that attracts monocytes, T-cells and macrophages and, in some 
cases, can result in a cytokine storm. B) Within nearby blood vessels. Cytokines produced by the 
epithelial cell layer are released into blood vessels supplying the infected tissue, which causes the 
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recruitment of further immune cells to the area, driving the damaging inflammatory response further. 
Circulating cytokines also create a systemic inflammatory environment. C) Adaptive immune 
response. Circulating lymphocytes carry viral antigens to lymph nodes and bone marrow to begin the 
adaptive immune system processes whereby B-cells, and later antibodies, are activated. D) SARS-CoV-
2 host replication. The SARS-CoV-2 virus utilises the ACE2 receptor and TMPRSS2 to gain entry into 
human cells. Following release of the viral RNA within the host cell, the virus utilises the host 
endoplasmic reticulum (ER) and Golgi apparatus to produce and manufacture new viral particles, 
which are released out of the cell to infect other cells and new hosts.

Table 1: SARS-CoV-2 variants. *first detection worldwide. data from WHO 
(https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/). Zeta (P.2) and Theta (P.3) is no 
longer considered a variant under monitoring (VUM) and, therefore, has been removed. Epsilon: 
Former variant of interest (VOI) (designated 5 Mar 2021), downgraded to a VUM 6 Jul 2021. Kappa: 
Former VOI (designated 4 Apr 2021), downgraded to a VUM 20 Sept 2021. Iota: Former VOI 
(designated 24 Mar 2021), downgraded to a VUM 20 Sept 2021. Eta: Former VOI (designated 17 Mar 
2021), downgraded to a VUM 20 Sept 2021.  

Table 2: Vaccines that have gained WHO emergency use listing. *Adjusted for covariates where 
reported in study. Days/Months refers to days/months since vaccination dose.

Table 3: COVID-19 vaccines that have been approved around the world that have not gained 
emergency use listing from the World Health Organisation.
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Figure 1: Genome and structure of SARS-CoV-2. 
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Figure 2: Viral entry and host response. 
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Variants of concern
WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples * 
Alpha B.1.1.7 N501Y            D614G            P681H UK, Sept 2020
Beta B.1.351 K417N            E484K             N501Y            D614G            A701V South Africa, May 2020
Gamma P.1 K417T             E484K            N501Y            D614G             H655Y Brazil, Nov 2020
Delta B.1.617.2 L452R             T478K            D614G            P681R India, Oct 2020

Variants of Interest
WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples *
Lambda C.37 L452Q             F490S            D614G Peru, Dec 2020
Mu B.1.621 R346K             E484K            N501Y            D614G            P681H Columbia, Jan 2021

Variants under monitoring
Pango Lineage (WHO nomenclature) S protein mutations of interest First detected samples *
R.1 E484K             D614G            W152L           G769V Multiple countries, Jan 2021
B.1.466.2 N439K            D614G            P681R Indonesia, Nov 2020
B.1.1.318 E484K             D614G            P681H Multiple countries, Jan 2021
B.1.1.519 T478K             D614G Multiple countries, Nov 2020
C.36.3 R346S             L452R            D614G            Q677H           A899S Multiple countries, Jan 2021
B.1.214.2 Q414K            N450K            D614G            ins214TDR Multiple countries, Nov 2020
B.1.427, B.1.429 (Epsilon) L452R             D614G USA, Mar 2020
B.1.1.523 E484K             S494P            D614G            E780A Multiple countries, May 2020
B.1.620 S477N            E484K            D614G            P681H Multiple countries, Nov 2020
C.1.2 D614G           E484K            H655Y             N501Y            N679K            Y449H South Africa, May 2021
B.1.617.1 (Kappa) L452R            E484Q            D614G            P681R India, Oct 2020
B.1.526 (Iota) E484K            D614G            A701V USA, Nov 2020
B.1.525 (Eta) E484K            D614G            Q677H Multiple countries, Dec 2020
B.1.630 E484K            L452R             S477N            P681H Dominican Republic, Mar 2021
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Vaccine effectiveness % (95% confidence interval) *Vaccine and 
vaccine type

Recommended dose 
and administration

Study Study type N
Against One dose Two doses

(156) Placebo-
controlled 
clinical trial

37,706 Symptomatic infection 95% (90.3−97.6%)

Documented infection 46% (40-51%) 92% (88-95%)
Symptomatic infection 57% (50-63%) 94% (87-98%)

Hospitalisation 74% (56-86%) 87% (55-100%)

(197) Observational 1,193,236 

Severe disease 62% (39-80%) 92% (75-100%)
Infection with Alpha 47.5% (41.6–52.8%) 93.7% (91.6–95.3%)(198) Test-negative 

case-control
19,109

Infection with Delta 35.6% (22.7–46.4%) 88.0% (85.3–90.1%)
Infection with Beta 75.0% (70.5-78.9%)(199) Test-negative 

case-control
213,758

Infection with Alpha or Beta 97.4% (92.2-99.5%)
14-20 days: 48% (41-54%)
≥14 days: 60% (57-64%)Symptomatic infection

35-41 days: 71% (63-78%)

≥7 days: 91% (89-93%)

14-20 days: 62% (44-75%)
≥14 days: 70% (60-77%)

324,033

Hospital admission or death

≥35 days: 91% (73-97%)

≥7 days: 98% (88-100%)

(200) Test-negative 
case-control

[NOTE: Participants in this study received an mRNA vaccine (either BNT162b2 or mRNA-1273)]
Symptomatic infection - ≥14 days - Alpha 66% (95% CI: 64-68%)

Symptomatic infection - ≥14 days – Beta or 
Gamma variants

60% (52-67%)

Symptomatic infection - ≥14 days – Delta 56% (45-64%)
Symptomatic infection - ≥7 days – Alpha 89% (86–91%)

Symptomatic infection - ≥7 days – Beta or 
Gamma 

84% (69–92%)

Symptomatic infection - ≥7 days – Delta 87% (64–95%)
Against hospitalisation or death - ≥14 days – 

Alpha 
80% (78-82%)

Against hospitalisation or death - ≥14 days – 
Beta or Gamma 

77% (69-83%) 

Against hospitalisation or death - ≥14 days – 
Delta 

78% (65-86%)

Against hospitalisation or death - ≥7 days – 
Alpha 

95% (92-97%) 

(201) Test-negative 
case-control

682,071

Against hospitalisation or death - ≥7 days – 
Beta or Gamma 

95% (81-99%) 

Infection ≥14 days: 86% (81-90.6%)
Hospitalisation ≥14 days: 85% (73-93%)

Pfizer/BioNtech 
(BNT162b2) – 

mRNA.

Two doses (30μg, 0.3ml 
each) intramuscularly 

(deltoid) with a 
recommended interval 
of 21-28 days between 

doses.

(202) Retrospective 
case-control 

119,463

Admission to an ICU ≥14 days: 87% (46-98.6%)
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Infection with Alpha variant 92% (90–93%)(145) Test-negative 
observational

400,827
Infection with Delta variant 79% (75-82%)

Hospitalisation with Alpha variant 83% (62-93%) 95% (78-99%)(203) Test-negative 
case-control

14,019
Hospitalisation with Delta variant 94% (46-99%) 96% (86-99%)

(181) Placebo-
controlled 

pivotal efficacy 
trial

44,047 Infection 91.1% (88.8-93.0%)

10-13 days: 70% (59-78%)
≥14 days: 89% (85-93%)

(11) Test-negative 
case-control

156,930
Infection

28-34 days: 61% (51-69%)
0-13 days: 14% (0-26%)

14-20 days: 43% (30-53%)Infection 

35-41 days: 75% (63-83%)
Infection - ≥21 days postvaccination 65% (58-71%)

Infection - non-VOC 72% (58-81%)
Infection - Alpha 67% (57-75%)

(205) Test-negative 
case-control

16,993

Infection - Gamma 61% (45-72%)
(206) Test-negative 

case-control
5,8476 Infection ≥14 days: 70.3% (68.1-72.4%) ≥7 days: 85.5% (80.4-89.3%)

Infection - ≥7 days 88% (81-92%)
Infection - ≥7 days - Alpha 86% (81-90%)

(207) Case-control 67,760

Infection - ≥7 days - Beta/Gamma 77% (63-86%)
Infection - ≥14 days – Delta 65.5% (40.9-79.9%) 59.6% (50.7-66.9%)(208) Test-negative 

case-control
1 dose: 
906,078
2 doses:
877,354

Severe disease or death - Delta 97.3% (84.4-99.5%)

0-13 days: -5.5% (-12.9-1.4%)
≥14 days: 47.9% (43.6-51.9%)
1 month: 81.5% (79.9-83.0%)
2 months: 72.5% (69.6-75.1%)
3 months: 70.6% (66.4-74.3%)
4 months: 57.0% (48.6-64.0%)
5 months: 12.0% (-6.1-27.1%)
6 months: 12.8% (-9.1-30.3%)

Symptomatic infection

≥7 months: 27.8% (-1.4-48.7%)
0-13 days: 7.5% (−11.9-23.6%)
≥14 days: 65.0% (55.0-72.8%)
1 month: 95.9% (93.6-97.3%)
2 months: 96.3% (92.9-98.0%)

(179) Test-negative 
case-control

1 dose:
947,035

2 doses: 
907,763 

Hospitalisation and death

3 months: 93.4% (87.5-96.5%)
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4 months: 80.8% (56.9-91.4%)
6 months: 81.8% (18.5-95.9%)

≥7 months: 44.1% (-86.5-
83.3%)

(209) Prospective 
cohort

23,324 Infection ≥21 days: 70% (55-85%) ≥7 days: 85% (74-96%)

Infection ≥7 days: 95.3% (94.9-95.7%)
Asymptomatic infection ≥7 days: 91.5% (90.7-92.2%)
Symptomatic infection ≥7 days: 97.0% (96.7-97.2%)

Hospitalisation ≥7 days: 97.2% (96.8-97.5%)
Severe or critical infection ≥7 days: 97.5% (97.1-97.8%)

(210) Observational 186,109

Death ≥7 days: 96.7% (96.0-97.3%)
Infection – Pre-Delta period ≥14 days: 74.2% (68.9-78.7%)

Infection – Intermediate period ≥14 days: 66.5% (58.3-73.1%)
(211) Observational 10,428,783

Infection – Delta ≥14 days: 52.4% (48.0-56.4%)
14–119 days: 85% (68-93%)

120–149 days: 81% (34-95%)Infection – Delta 
≥150 days: 73% (49-86%)

Delta: 
2,840

Pre-Delta: 
7,012 Infection – Pre-Delta 91% (81-96%)

(212) Observational

[NOTE only 65% of participants in this study received BNT162b2 (33% received mRNA-1273, and 2% received Ad26.COV2.S]
Infection – Beta ≥7 days: 49% (14-69%)(213) Observational 378
Severe disease ≥7 days: 86% (67-94%)

Infection – Alpha ≥21 days: 59% (52-65%)
Infection – Delta ≥21 days: 57% (50-63%)

0-13 days: 77% (66-84%)Infection – Alpha 
≥14 days: 78% (68-84%)
0-13 days: 82% (75-87%)

(214) Observational 384,543

Infection – Delta
≥14 days: 80% (77-83%)

Infection 66.2% (2.3-88.3%)(215) Observational 224
Symptomatic infection 25.6% (-157.8-78.5%)

Infection - Alpha 48.7% (45.2–51.9%) 74.5% (68.4–79.4%)(198) Test-negative 
case-control

19,109
Infection - Delta 30.0% (24.3–35.3%) 67.0% (61.3–71.8%)

Symptomatic infection - Alpha 64% (60-68%)
Symptomatic infection – Beta or Gamma 48% (28-63%)

Symptomatic infection - Delta 67% (44-80%)
Hospitalisation or death - Alpha 85% (81-88%)

Hospitalisation or death – Bet or Gamma 83% (66-92%)

(201) Test-negative 
case-control

682,071

Hospitalisation or death - Delta 88% (60-96%)
Infection with Alpha variant 73% (66-78%) 

Oxford 
University/ 
AstraZeneca 
(AZD1222) - Non-
replicating 
adenovirus viral 
vector.

Two doses (0.5ml each) 
intramuscularly 
(deltoid) with a 
recommended interval 
window of 8 to 12 
weeks.

(145) Test-negative 
observational

462,755
Infection with Delta variant 60% (53-66%)
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Symptomatic infection – Alpha 70.4% (43.6-84%%)(216) Randomised 
controlled trial

8,534
Symptomatic infection – non-Alpha 81.5% (67.9-89.4%)

Symptomatic infection 79%(217) Randomised 
controlled trial

32,449
Severe disease or hospitalisation 100%

Hospitalisation – Alpha 76% (61-85%) 86% (53-96%)(203) Test-negative 
case-control

14,019
Hospitalisation – Delta 71% (51-83%) 92% (75-97%)

(218) Randomised 
controlled trial

11,636 Infection 62.1% (41.0-75.7%)

Symptomatic infection 21.9% (-49.9-59.8%)(219) Randomised 
controlled trial

2,026
Symptomatic infection - Beta 10.4% (-76.8-54.8%)

Symptomatic infection 28-34 days: 60% (41-73%) (204) Test-negative 
case-control

156,930
≥35 days: 73% (27-90%)

≥21 days: 63% (55–69%) 0-13 days: 72% (50-84%)Infection - Alpha
≥14 days: 79% (56–90%)

≥21 days: 46% (35–55%) 0-13 days: 71% (64–77%)

(214) Observational 384,543

Infection Delta
≥14 days: 67% (62–71%)

Infection 49% (17-68%) 54% (27-71%)
Symptomatic infection 58% (28-75%) 64% (38-78%)

(220) Test-negative 
case-control

720

Moderately severe disease Any dosage >3 weeks ago: 95% (44-100%)

≥14 days: 66.9% (59.0-73.4%)Moderate to severe-critical infection
≥28 days: 66.1% (55.0-74.8%)
≥14 days: 76.7% (54.6-89.1%)

(164) Randomised 
controlled trial 

39,321

Severe-critical infection
≥28 days: 85.4% (54.2-96.9%)
14-27 days: 27.4% (8.7-42.7%)Symptomatic infection 
≥28 days: 50.9% (35.5-63.0%)

14-27 days: 33.5% (-29.1-
69.8%)

Hospitalisation 

≥28 days: 72.9% (35.1-91.1%)
14-27 days: 56.0% (-52.8-

93.1%)
Admission to an ICU 

≥28 days: 92.5% (54.9-99.6%)
14-27 days: 65.2% (-74.7-

98.1%)
Mechanical ventilation 

≥28 days: 88.7% (17.9-99.5%)
14-27 days: 48.9% (-92.3-

92.5%)

(221) Test-negative 
case-control

11,817

Death

≥28 days: 90.5% (31.5-99.6%)
≥1 day: 50.6% (14.0-74.0%)
≥8 days: 65.5% (23.3-87.5%)

Johnson & 
Johnson 
(Ad26.COV2.S) - 
Recombinant, 
replication-
incompetent 
adenovirus 
serotype 26 
(Ad26) vector.

One dose (0.5ml) 
intramuscularly 
(deltoid).

(222) Retrospective 
case-control

126,572
Symptomatic infection 

≥15 days: 76.7% (30.3-95.3%)
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(223) Test-negative 
case-control

1,000 Symptomatic infection 51% (95% CI: -2-76%)

14–119 days: 85% (68-93%)
120–149 days: 81% (34-95%)Infection – Delta

≥150 days: 73% (49-86%)

Delta: 
2,840

Pre-Delta: 
7,012 

Infection – Pre-Delta 91% (81-96%)

(212) Observational

[NOTE: 2% of study participants received Ad26.COV2.S (65% received BNT162b2, and 33% received mRNA-1273)]
Infection 79% (77-80%)(224) Cohort 1,914,670

Hospitalisation 81% (79-84%)

Symptomatic infection – Alpha ≥14 days: 83% (80-86%) ≥7 days: 92% (86-96%)
Symptomatic infection – Beta or Gamma ≥14 days: 77% (63-86%)

Symptomatic infection – Delta ≥14 days: 72% (57-82%)
Hospitalisation - Alpha ≥14 days: 79% (74-83%) ≥7 days: 94% (89-97%)

Hospitalisation – Beta or Gamma ≥14 days: 89% (73-95%)

(201)

Hospitalisation - Delta ≥14 days: 96% (72-99%)
Infection ≥14 days: 86% (81-90.6%)

Hospitalisation ≥14 days: 91.6% (81-97%)
(202) Retrospective 

case-control 
60,083

Admission to an ICU ≥14 days: 93.3% (57-99.8%)
(206) Test-negative 

case-control
5,8476 Infection ≥14 days: 68.7% (59.5-75.9%) ≥7 days: 84.1% (34.9-96.1%)

(208) Test-negative 
case-control

1 dose: 
490,828 
2 doses: 
409,041

Infection - Delta ≥14 days: 79.7% (60.8-89.5%) ≥14 days: 86.1% (78.0-91.3%)

Infection – Pre-Delta period ≥14 days: 74.7% (66.2-81.1%)
Infection – Intermediate period ≥14 days: 70.4% (60.1-78.0%)

(211) Observational 10,428,783

Infection – Delta ≥14 days: 50.6% (45.0-55.7%)
14–119 days: 85% (68-93%)

120–149 days: 81% (34-95%)Infection – Delta

≥150 days: 73% (49-86%)

Delta: 
2,840

Pre-Delta: 
7,012 

Infection – Pre-Delta 91% (81-96%)

(212) Observational

[NOTE: 33% of study participants received mRNA-1273 (2% received Ad26.COV2.S, and 65% received BNT162b2)]
(214) Observational 384,543 Infection - Delta 75% (64-83%)

Infection 52.5% (26.9-69.1%)
Symptomatic infection 65.6% (33.8-82.1%)

Moderna (mRNA-
1273) - mRNA

Two doses (100μg, 
0.5ml each) 
intramuscularly 
(deltoid) with a 
recommended interval 
of 28 days between 
doses.

(215) Observational 124

Severe infection 78.6% (47.9-91.2%)

Infection 13.8% (-60.2-54.8%) 59.0% (16.0-81.6%)366
Moderately severe infection 70.2% (29.6-89.3%)

Sinopharm 
BBIBP-CorV - 
Aluminium-

Two doses (0.5ml) 
intramuscularly 
(deltoid) with a 

(225) Test-negative 
case-control

[NOTE: 27.5% of study participants were vaccinated with Sinopharm BIBP (61.3% received CoronaVac)]
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hydroxide-
adjuvanted, 
inactivated whole 
virus vaccine

recommended interval 
of 3 weeks between 
doses.

Infection 13.8% (-60.2-54.8%) 59.0% (16.0-81.6%)366
Moderately severe infection 70.2% (29.6-89.3%)

(225) Test-negative 
case-control

[NOTE: 61.3% of study participants were vaccinated with CoronaVac (27.5% recieved Sinopharm BIBP)]
Infection 17.2% (15.8–18.6%) 63.7% (62.8–64.6%)

Hospitalisation 40.3% (37.6–42.8%) 86.5% (85.6–87.4%)
Admission to an ICU 45.3% (41.2–49.2%) 90.2% (88.9–91.4%)

(226) Observational 10,187,720

Death 46.0% (40.7–50.8%) 86.7% (84.9–88.3%)
0-13 days: −0.8% (−9.4 to 7.2%) 0-13 days: 24.7% (14.7 to 

33.4%)
Symptomatic infection - Gamma

≥14 days: 12.5% (3.7 to 20.6%) ≥14 days: 46.8% (38.7 to 
53.8%)

0-13 days: 6.6% (−4.3 to 16.3%) 0-13 days: 39.1% (28.0 to 
48.5%)

Hospitalisation - Gamma

≥14 days: 16.9% (5.7 to 26.8%) ≥14 days: 55.5% (46.5 to 
62.9%)

0-13 days: 13.1% (−1.5 to 
25.6%)

0-13 days: 48.9% (34.4 to 
60.1%)

Sinovac-
CoronaVac - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated whole 
virus vaccine

Two doses (0.5ml) 
intramuscularly 
(deltoid) with a 
recommended interval 
window of 2 to 4 
weeks.

(227) Test-negative 
case-control

43,774

Death - Gamma

≥14 days: 31.2% (17.6 to 42.5%) ≥14 days: 61.2% (48.9 to 
70.5%)
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Vaccine type Vaccine Company Countries approved for use in Clinical trials
Covaxin Bharat Biotech (Hyderabad, India) 9 countries:

Guyana, India, Iran, Mauritius, Mexico, Nepal, 
Paraguay, Philippines, Zimbabwe

Phase 1:
NCT04471519 (India). CTRI/2020/09/027674 (India).

Phase 2:
CTRI/2020/07/026300, NCT04471519 (India).

CTRI/2020/09/027674 (India).
NCT04918797 (India). 

Phase 3: 
CTRI/2020/11/028976, NCT04641481 (India). 

NCT04918797 (India). 
KoviVac Chumakov Center (Moscow, Russia) 1 county: 

Russian Federation 
Phase 1: 502 (Russian Federation)
Phase 2: 502 (Russian Federation)

QazVac Kazakhstan Research Institute for 
Biological Safety Problems (RIBSP) 

(Kazakhstan) 

2 countries:
Kazakhstan, Kyrgyzstan

Phase 1: NCT04530357 (Kazakhstan)
Phase 2: NCT04530357 (Kazakhstan)
Phase 3: NCT04691908 (Kazakhstan)

SARS-CoV-2 Vaccine 
(Vero Cells)

Minhai Biotechnology Co. (Beijing, 
China)

1 country:
China

Phase 1:
NCT05003479 (China).

ChiCTR2000038804, NCT04758273 (China).
Phase 2:

ChiCTR2000039462, NCT04756323 (China).
NCT05003466 (China).
Phase 3: NCT04852705

COVID-19 Inactivated 
Vaccine

Shifa Pharmed Industrial Co. (Tehran, 
Iran)

1 country:
Iran

Phase 1:
IRCT20201202049567N1 (Iran).
IRCT20201202049567N2 (Iran).

Phase 2: IRCT20201202049567N3 (Iran).
Phase 3: IRCT20201202049567N3 (Iran).

Inactivated 
virus

Inactivated (Vero Cells) Sinopharm (Wuhan, China) 2 countries:
China, Philippines

Phase 1: ChiCTR2000031809 (China)
Phase 2:

NCT04885764 (Egypt).
ChiCTR2000031809 (China).

Phase 3:
NCT04885764 (Egypt).

ChiCTR2000034780 (United Arab Emirates).
NCT04612972 (Peru).

NCT04510207 (Bahrain, Egypt, Jordan, United Arab 
Emirates).

ChiCTR2000039000 (Morocco).
Non-replicating 

viral vector
Ad5-nCoV CanSino (Tianjin, China) 9 countries:

Argentina, Chile, China, Ecuador, Hungary, 
Indonesia, Malaysia, Mexico, Pakistan

Phase 1:
NCT05043259 (China). 

ChiCTR2000030906, NCT04313127 (China). 
NCT04568811 (China).
NCT04840992 (China).

Phase 2:
NCT05043259 (China).
NCT04840992 (China).
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ChiCTR2000031781, NCT04341389 (China).
NCT04566770 (China).

NCT05005156 (Argentina).
Phase 3: 

NCT04526990 (Argentina, Chile, Mexico, Pakistan, Russian 
Federation).

NCT04540419 (Russian Federation).
Sputnik Light Gamaleya Research Institute of 

Epidemiology and Microbiology 
(Moscow, Russia) 

18 countries:
Angola, Armenia, Bahrain, Belarus, Egypt, Iran, 
Kazakhstan, Kyrgyzstan, Mauritius, Mongolia, 
Nicaragua, Philippines, Republic of the Congo, 

Russian Federation, United Arab Emirates, United 
Republic of Tanzania, Venezuela, West Bank

Phase 1: NCT04713488 (Russian Federation).
Phase 2:

NCT04713488 (Russian Federation).
NCT05027672 (Argentina).

Phase 3: NCT04741061 (Russian Federation). 

Sputnik V Gamaleya Research Institute of 
Epidemiology and Microbiology 

(Moscow, Russia) 

72 countries:
Albania, Algeria, Angola, Antigua and Barbuda, 

Argentina, Armenia, Azerbaijan, Bahrain, 
Bangladesh, Belarus, Bolivia, Bosnia and 

Herzegovina, Brazil, Cameroon, Chile, Djibouti, 
Ecuador, Egypt, Gabon, Ghana, Guatemala, 
Guinea, Guyana, Honduras, Hungary, India, 

Indonesia, Iran, Iraq, Jordan, Kazakhstan, Kenya, 
Kyrgyzstan, Lao People's Democratic Republic, 

Lebanon, Libya, Maldives, Mali, Mauritius, Mexico, 
Mongolia, Montenegro, Morocco, Myanmar, 

Namibia, Nepal, Nicaragua, Nigeria, North 
Macedonia, Oman, Pakistan, Panama, Paraguay, 
Philippines, Republic of Moldova, Republic of the 
Congo, Russian Federation, Saint Vincent and the 

Grenadines, San Marino, Serbia, Seychelles, Sri 
Lanka, Syrian Arab Republic, Tunisia, Turkey, 

Turkmenistan, United Arab Emirates, Uzbekistan, 
Venezuela, Vietnam, West Bank, Zimbabwe

Phase 1:
NCT04760730 (United Arab Emirates).

NCT04684446 (Belarus, Russian Federation).
NCT04436471, 241 (Russian Federation).

NCT04437875 (Russian Federation).
Phase 2: 

NCT05027672 (Argentina).
NCT04988048 (Argentina).

NCT04954092 (Russian Federation).
NCT04962906 (Argentina).
NCT04983537 (Argentina).

NCT04760730 (United Arab Emirates).
NCT04684446 (Belarus, Russian Federation).

NCT04686773 (Azerbaijan).
NCT04436471, 241 (Russian Federation).

NCT04437875 (Russian Federation).
NCT04587219 (Russian Federation).

NCT04640233 (India).
Phase 3:

NCT04564716 (Belarus).
NCT04530396 (Russian Federation).

NCT04642339 (Venezuela).
NCT04656613 (United Arab Emirates). 

NCT04954092 (Russian Federation).
NCT04640233 (India).

RNA TAK-919 (Moderna 
formulation)

Takeda (Tokyo, Japan) 1 country: 
Japan

Phase 1: NCT04677660 (Japan)
Phase 2: NCT04677660 (Japan)

DNA ZyCoV-D Zydus Cadila (Ahmedabad, India) 1 country: 
India

Phase 1:
CTRI/2020/07/026352 (India)
CTRI/2021/03/032051 (India)

Phase 2: 
CTRI/2020/07/026352 (India)
CTRI/2021/03/032051 (India)

Phase 3: CTRI/2021/01/030416 (India)
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ZF2001 Anhui Zhifei Longcom (Hefei, China) 3 countries:
China, Indonesia, Uzbekistan

Phase 1:
NCT04445194 (China).
NCT04636333 (China).

NCT04550351, ChiCTR2000035691 (China).
NCT04961359 (China).

Phase 2:
NCT04466085 (China).
NCT04813562 (China).

Phase 3:
ChiCTR2000040153, NCT04646590 (China, Ecuador, 

Indonesia, Pakistan, Uzbekistan).
ChiCTR2100050849 (China).

CIGB-66 Center for Genetic Engineering and 
Biotechnology (CIGB) (Havana, Cuba)

4 countries:
Cuba, Nicaragua, Venezuela, Vietnam

Phase 1:
RPCEC00000345 (Cuba).
RPCEC00000346 (Cuba).

Phase 2:
RPCEC00000345 (Cuba)
RPCEC00000346 (Cuba).

Phase 3: RPCEC00000359 (Cuba). 
EpiVacCorona FBRI (Koltsovo, Russia) 2 countries:

Russian Federation, Turkmenistan
Phase 1: NCT04527575 (Russian Federation).
Phase 2: NCT04527575 (Russian Federation).
Phase 3: NCT04780035 (Russian Federation).

MVC-COV1901 Medigen Biotechnology Corp. (Taipei 
City, Taiwan)

1 country:
Taiwan

Phase 1: NCT04487210 (Taiwan).
Phase 2:

NCT04695652 (Taiwan, Vietnam).
NCT04822025 (Taiwan).
NCT04951388 (Taiwan).
NCT05038618 (Taiwan).
NCT05048849 (Taiwan).
NCT05054621 (Taiwan).

Protein subunit

COVAX-19 Vaxine/CinnaGen Co. (Iran) 1 country:
Iran

Phase 1: NCT04453852 (Australia).
Phase 2:

IRCT20150303021315N23 (Iran).
NCT04944368, IRCT20150303021315N23 (Iran). 

Phase 3: NCT05005559, IRCT20150303021315N24 (Iran). 
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Abstract
As of 25th January 2022, there have been over 349 million confirmed cases of COVID-19, with 

over 5.59 million confirmed deaths associated with the SARS-CoV-2 virus. The COVID-19 pandemic has 
prompted an extensive, global effort to study the molecular evolution of the virus and develop 
vaccines to combat its spread. Although rigorous determination of SARS-CoV-2 infectivity remains 
elusive, due to the continuous evolution of the virus, steps have been made to understand its genome, 
structure, and emerging genetic mutations. The SARS-CoV-2 genome is composed of a number of open 
reading frames (ORFs) and structural proteins, including the spike protein, which is essential for entry 
into host cells. As of 25th January 2022, the WHO reports five variants of concern (VOC) two variants 
of interest (VOI) and three variants under monitoring (VUM). The mutations harboured in these 
variants confer an increased transmissibility, severity of disease, and escape from neutralising 
antibodies compared to the primary strain. The current vaccine strategy, including booster doses, 
provides protection from severe disease. As of 24th January 2022, there are 33 approved vaccines in 
use in 197 countries. In this review, we discuss the genetics, structure and transmission methods of 
SARS-CoV-2 and its variants, highlighting how mutations provide enhanced abilities to spread and 
inflict disease. We also outline the vaccines currently in use around the world, providing evidence for 
the immunogenicity and effectiveness of each.

1. Introduction
There are seven coronaviruses that infect humans, all belonging to either alpha- or beta-

coronavirus subgroups, including 229E (alpha), NL63 (alpha), OC43 (beta), and HKU1 (beta)(1). Over 
the last two decades, three notable beta-coronaviruses, severe acute respiratory syndrome 
coronavirus (SARS-CoV) in 2002, Middle East respiratory syndrome coronavirus (MERS-CoV) in 2011, 
and most recently, severe acute respiratory syndrome 2 (SARS-CoV-2) in 2019, have emerged and 
caused severe illness resulting in debilitating disease and worldwide fatalities. SARS-CoV-2 is the 
pathogen responsible for the current Coronavirus 2019 (COVID-19) pandemic and has caused more 
than 5.59 million deaths in approximately two years and resulted in multisystem illness in several 
million people(2).  

All viruses change and mutate over time, with most changes having little to no impact. 
However, some mutations may alter its pathogenic or transmission potential and could, therefore, 
increase disease severity or hinder the effectiveness of vaccines and therapeutic strategies. The World 
Health Organisation (WHO) classify SARS-CoV-2 variants that increase transmissibility, disease severity 
or virulence, or decrease the effectiveness of public health measures, diagnostics, therapeutics, or 
vaccines as variants of concern (VOC). Variants with genetic changes that are predicted to enhance 
the virulence and transmissibility of the virus which have been identified to cause community 
transmission in multiple countries posing a possible risk to global public health are defined as variants 
of interest (VOI). Lastly, the WHO defines variants with genetic changes that are suspected to affect 
virus characteristics and have currently unclear phenotypic or epidemiological effects as variants 
under monitoring (VUM). VUM are not typically assigned a name until they are upgraded to VOI or 
VOC. The full working definitions of VOC, VOI and VUM can be found on the WHO ‘tracking SARS-
CoV-2 variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-variants/(3). As of 25th 
January 2022, the WHO reports five VOC; Alpha, Beta, Gamma, Delta and Omicron, two VOI; Lambda 
and Mu, and three VUM(3). Former VOC/VOI/VUM have been reclassified as ‘formerly monitored 
variants’ due to them either no longer circulating, having little impact on the epidemiological situation, 
or having no concerning properties(3). Since the beginning of the COVID-19 pandemic, the rapid 
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development of effective COVID-19 vaccines has taken place around the world. As of 24th January 
2022, there are 33 approved vaccines in use in 197 countries, with ten vaccines having gained 
emergency use listing approval from the WHO(4).

In this review, we provide an overview of the genome and structure of SARS-CoV-2, describing 
how these elements allow the virus to infect and replicate inside of host cells, before outlining how 
certain mutations harboured by SARS-CoV-2 variants enhance these abilities. Next, we examine the 
current state of vaccine development around the world and provide evidence of the effectiveness of 
booster doses. 

2. Methods
We searched PubMed and Embase databases for COVID-19-related articles published 

between 1st January 2020 and 25th January 2022 and for general coronavirus-related articles published 
from 1st January 2000 onwards. Our search terms included SARS-CoV-2, COVID-19, and specific terms 
including virology, genome, variants, and vaccine. Additional, specific search terms are outlined in 
supplementary file 1. We performed further manual searching for additional articles and data using 
relevant databases, including who.int, gov.uk, and ecdc.europa.eu/en. Due to the rapidly evolving 
nature of the literature involving SARS-CoV-2, we also searched preprint databases including MedRxiv 
and BioRxiv. Due to the various topics addressed here, studies were selected through different criteria, 
details of which can be found in supplementary file 1. Overall, studies were selected based on quality 
and journal reputation, with real-world studies with large sample sizes of greatest interest. 

3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19
SARS-CoV-2 is predominantly spread via respiratory droplet transmission, spreading between 

people through close contact, coughing, or sneezing. It has been documented that the virus can also 
spread through airborne transmission, fomite transmission, and via other modes, such as through 
biological material including urine and faeces, and through (5, 6). The SARS-CoV-2 virus may survive 
on surfaces or suspended in air droplets for some time. Indeed, on plastic, stainless steel, and glass 
surfaces, the half-life of the virus is around 5.3, 4.4, and 4.2 hours, respectively(7), with no difference 
seen between SARS-CoV-2 variants(8). Although SARS-CoV-2 can be detected on inanimate surfaces 
for hours and days, due to the evaporation of water droplets, the viruses’ living environment, the 
concentration of the virus plummets rapidly(9). Protective measures, including using personal 
protective equipment (PPE), maintaining indoor ventilation, and disinfecting hands and surfaces, can 
effectively limit the spread of SARS-CoV-2(10). 

Once inside the airways, SARS-CoV-2 can directly or indirectly infect ciliated, mucus-secreting, 
and club cells of bronchial epithelium, type 1 pneumocytes within the lungs, and the conjunctival 
mucosa(11). The clinical presentation of COVID-19 is non-specific, heterogeneous, and infection can 
result in a wide spectrum of symptoms. Following an incubation period of 4-14 days, symptoms 
develop ranging from mild to severe disease and, in some cases, can result in death(12). The most 
common COVID-19 symptoms include fever, cough, dyspnoea, and fatigue(13, 14), while myalgia, 
gastrointestinal issues, cognitive deficits, and other symptoms are reported. Asymptomatic individuals 
can also test positive for COVID-19(15, 16). Although the entire population is susceptible to COVID-19 
infection, some subgroups within the general population exist that are more susceptible to developing 
poorer clinical outcomes.

Risk factors associated with increased risk of hospitalisation, severe disease, and fatal 
outcome with COVID-19 have been identified. Older age(17-19), male sex(20, 21), non-white 
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ethnicity(21, 22), comorbidities including diabetes, hypertension, and lung disease(18, 23-25), 
malignancy and immunodeficiency(26-28) have all been associated with more severe COVID-19. The 
duration of symptoms endured by COVID-19 patients, as well as the treatment they receive will also 
have profound influences on the severity of disease they experience and both the acute and long-term 
outcomes following recovery. The host genetic background is thought to have an influence on the 
susceptibility and severity of COVID-19, possibly explaining the broad spectrum of clinical 
manifestations that can develop in seemingly similar individuals. A study examining individuals with 
COVID-19 across numerous ancestry groups identified four gene loci associated with susceptibility to 
COVID-19; SLC6A20, RPL24, ABO, PLEKHA4, and nine associated with increased risk of severe COVID-
19; LZTFL1, FOXP4, TMEM65, OAS1, KANSL1, TAC4 , DPP9, RAVER1, and IFNAR2(29). Meanwhile, 
genome-wide association studies spanning across Europe, the United States (US), and the United 
Kingdom (UK) identified a gene cluster on chromosome three (chr3p21.31) as being strongly linked 
with susceptibility and severity of COVID-19(30, 31). Polymorphisms in the angiotensin-converting 
enzyme 2 (ACE2) receptor and transmembrane protease serine 2 (TMPRSS2) have also been shown to 
enhance SARS-CoV-2 viral entry(32, 33), with differential polymorphisms seen across ethnic 
populations, which may partly explain why certain ethnic groups are more susceptible to severe 
COVID-19. Increased ACE2 receptor levels have also been associated with other risk factors of COVID-
19 including smoking and increasing age(34). The utilisation of polygenetic risk scores (PRS) may be 
useful in determining an individual’s risk for developing severe disease caused by COVID-19(35). A PRS 
infers a person’s risk of susceptibility to, or development of a certain disease based on the total 
number of genomic variations they possess. Determining PRS with the inclusion of comorbidities, such 
as chronic obstructive pulmonary disease(36), or other aspects, such as coagulation factors(37), may 
improve the usefulness of PRS in determining a person’s risk of severe COVID-19. 

4. Virology of SARS-CoV-2
SARS-CoV-2 is a positive-stranded ribonucleic acid (RNA) virus belonging to Coronaviridae 

family. Coronaviruses, which have crownlike appearances, are the largest known RNA viruses and are 
thought to primarily infect vertebrates(38, 39). SARS-CoV-2 belongs to the beta genus of the 
coronaviruses and has a genome varying from 29.8kb to 29.9kb in size(40). Human coronaviruses 
(HCoV) genomes consist of a variable number of open reading frames (ORFs). Following the typical 5’-
3’ order, the beginning two-thirds of the SARS-CoV-2 genome contains two ORFs, ORF1a and ORF1b 
which, inside the host cell, are translated at the rough endoplasmic reticulum into polyprotein 1a 
(pp1a) and polyprotein 1ab (pp1ab), respectively(40). These polyproteins are cleaved into 16 non-
structural proteins (nsp); nsp1-11, from pp1a and nsp12-16, from pp1ab. The proteolytic release of 
nsp1 occurs rapidly, which enables it to interfere with translation processes of the host cell by inducing 
cellular mRNA degradation(41-43). Nsp2-16 contain the viruses’ replication and transcription complex 
(RTC) and encode multiple enzymes with many functions including, proteases, helicase, polymerase, 
exo- and endo-nuclease, N7- and 2’O-methyltransferases, and de-ubiquitination enzymes(44, 45). The 
final third of HCoV genomes contain genes that encode structural and accessory proteins. The four 
major structural proteins encoded here are the nucleocapsid (N), membrane (M), envelope (E), and 
spike glycoprotein (S) proteins(46, 47). The N protein is associated with the viral RNA genome and is 
involved in RNA synthesis regulation and interacts with the M protein during viral budding(39, 48). 
The M protein is important for viral assembly, it contains a short N-terminal domain that projects onto 
the external surface of the envelope and a long internal C terminus(39). The E protein function is 
largely unknown; however, along with the N and M proteins, it is required for viral assembly and 
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release(47) . Lastly, the S protein gives coronaviruses their characteristic spikes that compose their 
crownlike appearance. This protein projects through the viral envelope, is heavily glycosylated, and 
regulates host cell membrane receptor binding and fusion of the viral and cellular membrane(49). The 
functions of the eleven accessory proteins encoded within the one-third closest to the 3’ end of the 
SARS-CoV-2 genome are not fully understood. These accessory proteins are encoded by the ORF3a, 
ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORC9c, and ORF10 genes. Some of these 
proteins, including ORF3b, ORF6, ORF7a and ORF8 are interferon antagonists which impair the host 
cell immune response(50-53), while ORF3a may promote virus release(54) and is involved in apoptosis 
of host cells through caspase-3 activation(55). ORF9b and ORF9c are known to supress the host 
antiviral response by interacting with host cell organelles(56-58), while a clear understanding of the 
functions of ORF3c, ORF7b, and ORF10 remains elusive(59). Figure 1 (A and B) depicts the genome 
and structure of SARS-CoV-2.   

The S glycoprotein is composed of two functionally distinct subunits (S1 and S2) and 
is essential for viral entry into host cells. The N-terminal S1 domain of the protein contains the 
receptor-binding domain (RBD) that directly interacts with the ACE2 receptor on the host cell, the 
primary receptor that SARS-Cov-2 utilises for cell entry(60). The C-terminal S2 domain fuses the host 
and viral membranes to allow for entry of the viral genome into the host cell(61). The subunits of the 
trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion stage) 
conformation(62), with one subunit always in an open conformation to allow for ACE2 recognition and 
binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by several α-helices(64). 
From closed to open conformation, the RBD undergoes structural rearrangement whereby the 
globular head region rotates clockwise, which alters is elecropotential surface(64). Once positioned, 
numerous residues within the RBD form either hydrogen bonds or salt bridges with residues of the 
ACE2 receptor, allowing for tight binding(65), while the concave structure of the RBD allows for three 
distinct binding regions(64). Following binding between the S protein and the host cell receptor, host 
cell proteases cleave the S protein, causing the release of the S2 domain which allows for fusion and 
cell entry(66). Figure 1 (C and D) demonstrate the structure and function of the S protein. 

The ACE2 receptor is expressed in numerous cell types throughout the human body, including 
in the lungs, oral and nasal mucosa, heart, gastrointestinal tract, kidneys, liver, spleen, and brain(67), 
highlighting the widespread infection that SARS-CoV-2 can inflict. Meanwhile, TMPRSS2, a host cell 
protease, facilitates fusion of the viral and host cell membranes(68), and may play a role in the spread 
of the virus in the airways(68). Host cell cathepsin L may also aid in SARS-CoV-2 cell entry by cleaving 
the S protein(69). Indeed, a clinically approved protease inhibitor has been shown to block SARS-CoV-2 
cell entry(70). Figure 2 depicts the mechanism by which SARS-CoV-2 gains entry into and replicates 
inside host cells, and overviews the host cell immune response. 

5. Variants of SARS-CoV-2 
Most viral mutations have a limited impact on the viruses’ ability to infect, replicate, escape 

host immunity, and transmit, however, certain mutations may give a viral strain a competitive 
advantage and, through natural selection, give it the ability to become dominant. Many of the 
mutations observed in SARS-CoV-2 variants are found within the RBD or the N-terminal domain of the 
S protein, which alters the three-dimensional structure of the S protein. Not only can these changes 
affect the transmission abilities of the virus but can also allow it to better escape the immune 
response, including from neutralising antibodies either elicited through vaccine administration or 
natural infection. The SARS-CoV-2 virus has mutated numerous times, with estimates suggesting that 
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circulating lineages acquire nucleotide mutations at rates of around one to two mutations per 
month(71). The current method of identifying variants relies on the use of genomic testing such as 
whole genome sequencing, partial S-gene sequencing, or nucleic acid amplification technique (NAAT)-
based assays(72). The aspects of different variants that most people experience, however, is the 
clinical symptoms they inflict. Certain variants induce a greater risk of severe disease and death, such 
as Alpha and Delta(73), while others are more likely to induce milder symptoms, such as Omicron(74, 
75). Moreover, individual symptoms can differ between variants. For example, the Gamma variant is 
associated inflicting anosmia and dysgeusia(76), which is less commonly seen in Omicron infections. 
Moving forward, the clinical themes and symptoms associated with emerging variants should be 
elucidated rapidly in order for the public and healthcare professionals to rapidly identify possible cases 
of COVID-19. 

The WHO have tracked and monitored SARS-CoV-2 variants since the COVID-19 pandemic 
began to identify VOCs. As of 25th January 2022, the WHO reports five VOC, two VOI, and three VUM(3) 
(Table 1). Herein, we report studies that compare SARS-CoV-2 variants to the ‘primary’ virus strain. 
‘Primary strain’ refers to the strain of the virus that first emerged in Wuhan, China at the end of 2019 
and spread around the world in the first wave of infections, which is often also referred to as the 
Wuhan-Hu-1, B.1, or wild-type strain.  

5.1 Variants of concern
5.1.1 Alpha 

The Alpha SARS-CoV-2 variant, of the B.1.1.7 lineage, was first documented in the UK 
in September 2020 and classified as a VOC on 18th December 2020(3, 77). This variant contains S 
protein mutations which have potential biological effects. Firstly, the S protein residue 501, a key 
contact residue within the RBD, forms a portion of the binding loop in the contact region of the ACE2 
receptor, forms a hydrogen bond with the Y41 residue of the ACE2 receptor, and stabilises the ACE2 
K353 residue(65, 78, 79). Alpha harbours an N501Y mutation which increases the binding affinity of 
the RBD to the ACE2 receptor(80). Next, the P681H mutation contained within the Alpha variant is 
located immediately adjacent to the 682-685 furin cleavage site, at the interface of the S1 and S2 
domains(81). The S1/S2 furin cleavage site prompts entry into respiratory epithelial cells and partly 
determines the transmissibility of the virus(82-84), while the P681H mutation makes the furin 
cleavage site less acidic, meaning it is more effectively recognised and cleaved(85, 86). Alpha also 
contains a D614G mutation, located within the S1/S2 furin cleavage site, which increases SARS-CoV-2 
binding affinity to the ACE2 receptor and increases infectivity(87). Other mutations harboured within 
the Alpha variant enhance the ability of the virus to escape antibody detection, such as the two amino 
acid deletion at the sites 69-70 in the N-terminal domain of the S protein(88, 89), while other 
mutations demonstrate limited or no effects(90). In February 2021, viruses of the B.1.1.7 lineage with 
the added S protein mutation E484K were identified, which may have threatened vaccine 
effectiveness due to the mutation conferring an increased resistance to neutralising vaccine-elicited 
and monoclonal antibodies(91). This mutation had limited effects, however, and variants containing 
it failed to dominate. 

Epidemiological studies explored the Alpha variant, with a study in Madrid, Spain finding that 
the probability of admission to an intensive care unit (ICU) was twice as high in patients infected with 
the Alpha variant compared to those infected with the primary strain, while this variant became the 
dominant strain within four months, and led to an increase in disease burden as a result(92). 
Meanwhile in Cannes, France, infection with the Alpha variant was associated with a 3.8-fold higher 
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risk of transfer to an ICU or death compared to the primary strain(93). During the third COVID-19 wave 
in Ontario, Canada, where 91% of infections were caused by the Alpha variant, the risk of both 
hospitalisation (adjusted odds ratio (aOR)=1.57) and death (aOR=1.52) was higher compared to 
primary strain infections(94). Overall, the Alpha variant was approximately 50-70% more transmissible 
and was associated with a 30-60% increased risk of hospitalisation and death compared to the primary 
strain(95-100).

The Alpha variant was found to have a minimal impact on the effectiveness of current 
vaccines(101, 102), while the risk of reinfection remained similar for this variant as with previous 
ones(103). On 3rd September 2021, the European Centre for Disease Prevention and Control (ECDC) 
reclassified the Alpha, and the Alpha+E484K mutation variants from a VOC to a ‘de-escalated variant’ 
(104). 

5.1.2 Beta
The Beta SARS-CoV-2 variant, of the B.1.351 lineage, was first documented in South Africa in 

May 2020(3). This variant contains five S protein mutations of interest: N501Y, E484K, D614G, K417N, 
and A701V. Like the Alpha variant, Beta contains the mutations N501Y, E484K, and D614G, which 
increase ACE2 receptor binding affinity(80, 87), increase virulence(105), and enhance resistance to 
neutralising antibodies(91, 106). The K417 residue of the SARS-CoV-2 S protein interacts with the D30 
residue of the ACE2 receptor, forming a salt bridge across the central contact region(65, 78), however, 
the K417N mutation appears to have a limited impact on ACE2 receptor binding(80). The A701V 
mutation is located close to the furin cleavage site but has a minimal impact on transmissibility or 
antibody resistance(101).

In a genomic and epidemiological study, it was concluded that the Beta SARS-CoV-2 variant 
had a selective advantage over previous variants from its increased transmissibility and immune 
escape abilities(107, 108), while the E484K/N501K mutations significantly enhanced the binding 
affinity of Beta and, hence, increased its transmissibility(109). A retrospective cohort study found that 
infection with the Beta variant was associated with an increased hospitalisation risk compared to an 
infection with a non-VOC (hazard ratio (HR)=2.30)(100). Overall, Beta is approximately 25-50% more 
transmissible, is associated with a possible increase in risk of hospital mortality, and has enhanced 
resistance to antibody neutralisation compared to previous variants(107, 108, 110). 

5.1.3 Gamma 
The Gamma variant is of the P.1 lineage and was first reported in November 2020 from 

travellers returning to Japan from Brazil, and was later discovered in Brazil(3, 111). This variant 
contains the S protein mutations of interest; K417T, E484K, N501Y, D614G, and H655Y(104). As 
mentioned, the N501Y and D614G mutations increase ACE2 receptor binding affinity and increase 
infectivity of the virus(80, 87). The N501Y, K417N/T, and E484K mutation trinity, meanwhile, is shared 
by both Gamma and Beta variants, and is associated with enhanced infectivity and lethality compared 
to the N501Y mutation alone, possibly due to tighter binding of the S protein to the ACE2 receptor 
due to increased electrostatic contribution(112). Gamma also possesses the H655Y mutation which 
was found to provide enhanced viral escape abilities from multiple human monoclonal antibodies in 
vitro(113).  

The Gamma variant is associated with heightened transmissibility(109, 110, 114), with one 
study concluding that it possesses a 1.7- to 2.4-fold increased transmissibility compared to previous 
variants(115). Additionally, the wave of infections caused by the Gamma variant in Brazil was 
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associated with a 13% increase in death rate compared to the previous wave, suggesting the greater 
virulence held by Gamma compared to previous viral strains(116). A surveillance study from seven 
European countries concluded that the Gamma variant was associated with a higher risk of 
hospitalisation (aOR=2.6) and admission to an ICU (aOR=2.2) when compared to non-VOC cases(117). 
In Manaus, Brazil the resurgence of COVID-19, despite high seroprevalence, suggested that the 
Gamma variant had a moderate resistance to neutralising antibodies(118), however, Gamma has been 
shown to be significantly less resistant to neutralising antibodies, compared to other variants, 
including Beta(119). 

5.1.4 Delta
The Delta variant, from the B.1.617.2 lineage, was first documented in India in October 2020 

and was classified as a VOC on 11th May 2021(3). Of the S protein mutations of interest, the 
aforementioned P681H and D614G are also harboured by the Delta variant(104) and similarly impacts 
its ACE2 receptor binding affinity and transmissibility(106, 120, 121). Unlike the E484K mutation seen 
in previous variants, Delta contains the E484Q mutation which, along with a L452R mutation also 
located within the RBD, causes significantly higher affinity for the ACE2 receptor than the primary 
strain or the E484K mutation alone(122). The L452R mutation alone results in greater RBD-ACE2 
receptor binding affinity and enhanced escape from neutralising antibodies(123, 124). Lastly, the Delta 
variant contains the T478K mutation, located on the interface between the S protein and the ACE2 
receptor when bound, which increases the electrostatic potential of the S protein and enhances 
binding affinity(125).

The Delta variant quickly became the dominant variant in the UK(126), US(127), Europe, and 
around the world(128). The mutations present in the Delta variant, enhanced the transmissibility of 
the virus as a result of increased binding affinity to the ACE2 receptor(109). It was estimated that the 
reproduction number of the Delta variant is 97% greater than non-VOC/VOI and approximately three 
times that of the Alpha, Beta, and Gamma variants(110), which highlights the competitive advantage 
that this variant had over earlier ones and how it rapidly became the dominant strain globally. The 
fast replication rate of Delta likely contributes to its increased transmissibility compared to Alpha, 
Beta, and Gamma. From infected individuals, the Delta variant has been able to be detected by 
polymerase chain reaction (PCR) within the first four days from exposure, while non-Delta infections 
could only be detected after six days(129). Furthermore, viral loads of people infected with the Delta 
variant were found to be significantly higher than people infected with other strains(129), including 
Beta(130). Delta is also thought to better escape neutralisation, with the frequency of post-vaccination 
infections much higher for the Delta variant than infections with the primary strain in India(131) and 
blood sera samples from individuals who had received one dose of a COVID-19 vaccine showing 
minimal neutralisation of the Delta variant(132). 

The Delta variant is also associated with an increased disease severity. In Scotland, infection 
with the Delta variant was associated with an increased risk of hospitalisation (HR=1.85) compared to 
infection with the Alpha variant(133). Compared to non-VOC infections, North American studies 
demonstrated that infection with Delta was associated with a 108%(134) or HR=2.3(100) increased 
risk of hospitalisation, a 234% increased risk for admission to an ICU, and a 132% increased risk of 
death(134). Lastly, a study in India found that the risk of death was around 1.8 times higher for Delta 
infections, while Delta also infected and induced symptoms in a greater proportion of younger people 
(0-19 years old), compared to the primary strain(131). 
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5.1.5 Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 2021 
in South Africa and Botswana before being detected in multiple countries and classified as a VOC on 
26th November 2021(3). This variant contains over 30 S protein mutations(104), 23 of which have 
been previously identified, including K417N, T478K, E484A, D614G, H655Y, P681H, and N501Y(135). 
15 Omicron mutations are contained within the RBD(17) providing the variant with a significantly 
enhanced binding affinity to the ACE2 receptor(135, 136). In addition, various single mutations 
harboured with the RBD of the Omicron variant impair the effectiveness of neutralising antibodies, 
including K417N, N440K, G446S, E484A, Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. Early 
data from South Africa demonstrated that the proportion of COVID-19 cases caused by the Omicron 
variant rose from 3% in early October, to 98% by early December(137). In late December 2021, 
meanwhile, the doubling time for number of positive Omicron cases was between two and three in 
the UK, US, and much of Europe(138, 139), highlighting the transmissibility of this variant. The 
mutations harboured by Omicron that enhance its binding affinity(135, 136) and ability to escape 
neutralising antibodies(17) likely drove its rapid spread, as did its fast replication rate, which is 
around 70 times faster than the Delta and primary strains(140). The reinfection rate of Omicron has 
also been found to be significantly higher than that of previous variants in studies from 
Scotland(141) and South Africa(142). 

The Omicron variant has extensive but incomplete escape from naturally acquired and 
vaccine-induced immunity(143, 144). Compared to the Delta variant, Omicron requires around a ten-
fold increased antibody titre to be neutralised, following vaccination with either Oxford-AstraZeneca 
or Pfizer/BioNtech vaccines(145). Indeed, blood sera from individuals who had received two doses of 
the Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in neutralising antibody titres 
against the Omicron variant compared to the primary strain(146). T-cell responses to Omicron may 
remain intact, however. One preprint study demonstrated that 70-80% of the T-cell response 
targeting the S protein was maintained in those vaccinated or with prior infection, while the 
magnitude of Omicron cross-reactive T-cells was like that of both Delta and Beta variants(147). 
Furthermore, data from Pfizer/BioNtech revealed that 80% of the epitopes in the Omicron variant S 
protein that are recognised by CD8+ T-cells were not affected by this variant’s mutations, following 
two-doses of the vaccine(146). T-cell responses induced from vaccine administration or prior 
infection may, therefore, provide some protection from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity than 
previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) was lower 
for Omicron infections compared to non-Omicron SARS-CoV-2 infections(137) while, compared to 
earlier infections associated with the Delta variant, Omicron-infected individuals had a lower risk of 
severe disease (aOR=0.3)(137). In December 2021 in England, Omicron cases were found to induce a 
significantly reduced risk of hospitalisation or presentation for emergency care in comparison to 
Delta cases(74, 75). The decreased disease severity inflicted by Omicron may be due to its reduced 
capacity for replication in lung tissue, which was found to be more than ten times less in lung tissue 
compared to Delta(140). Concordantly, the S protein of the Omicron variant is less efficient at 
cleaving the ACE2 receptor and entering cells of lung organoids(145), while is also less able to cause 
fusion between lung cells compared to Delta(145), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.
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Although the Omicron variant appears to manifest in mild disease, high case numbers may 
still result in many hospitalisations and deaths in those vulnerable to the virus. Omicron case 
numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly COVID-19 
cases were reported in the week ending 25th December 2021, compared to the previous week, and 
the Omicron wave is said to have passed(148). Concerningly, global case numbers continue to rise 
rapidly(149) and many countries will continue to feel the pressure exerted by the wave of Omicron 
infections. 

5.2 Variants of interest
5.2.1 Lambda

The Lambda variant, of the C.37 lineage, was first documented in Peru in December 2020 and 
was designated as a VOI on 14th June 2021(3). This variant contains the S protein mutations; D614G, 
L452Q, and F490S(104). The L452Q mutation, located within the RBD, enhances binding affinity to the 
ACE2 receptor and increases the infectivity of Lambda(150), while,  together L452Q and F490S 
increase the resistance of this variant to vaccine-elicited antibody neutralisation(150). Furthermore, 
F490S was identified as being a high-risk mutation for enhancing abilities to escape 
neutralisation(150). 

Infectivity of the Lambda variant may be higher than that of Alpha, Gamma, and other D614G 
containing variants(151), suggesting that Lambda could potentially spread more rapidly and 
effectively. Additionally, compared to the primary SARS-CoV-2 virus, antibody neutralisation was 
found to be decreased by 3.05-fold for the Lambda variant, higher than that for Gamma (2.33-fold) 
and Alpha (2.03-fold) variants(151). However, findings suggest that the Lambda variant can be 
neutralised by monoclonal antibodies and current vaccines are protective against this variant(150). 

5.2.2 Mu
The Mu variant, from the B.1.621 lineage, was first documented in Columbia in January 2021 

before receiving designation as a VOI on 30th August 2021(3). This variant contains the 
aforementioned S protein mutations E484K, N501Y, D614G, and P681H(104). Mu also contains the S 
protein mutation R346K, located within the RBD(104, 152), which may induce large binding free 
energy changes that disrupt the binding of antibodies to the S protein and enhance the ability of the 
variant to escape neutralisation(153). As discussed, the E484K, N501Y, D614G, and P681H mutations 
have been shown to increase transmissibility(80, 85, 87, 105, 109, 112, 120, 121) and neutralisation 
escape(91, 106) suggesting that the Mu SARS-CoV-2 variant is likely to be more infectious than the 
primary strain. 

Although the Lambda and Mu variants have been outcompeted by Delta and now Omicron, 
the development and spread of VOIs will need to be closely monitored and studied to appreciate their 
pathogenicity, transmissibility, and virulence. 

5.3 VUM
As of 25th January 2022, there are three VUM listed by the WHO(3) (table 1). 

6. Vaccinations 
The COVID-19 pandemic prompted a rapid international search for safe and effective vaccines 

against the SARS-CoV-2 virus. In line with previous vaccine development, including for both SARS-CoV 

Page 11 of 118

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



and MERS-CoV, the S protein was a key target for COVID-19 vaccine development(154). As of 24th 
January 2022, 33 approved vaccines are in use in 197 countries, with ten vaccines having gained 
emergency use listing approval from the WHO(4), (table 2). As of 25th January 2022 there are 194 
vaccines in pre-clinical development and 140 in clinical development(155). Numerous studies have 
explored the effectiveness of approved vaccines, however, large variations in vaccine effectiveness 
are reported. This variability is likely due to several factors in the studies including, the country, date, 
and population size of the study, as well as the SARS-CoV-2 variants circulating during the study period. 
These factors, along with how the effectiveness is reported, mean that it is difficult to compare 
vaccines and fully understand how effective each vaccine is. Here, we review the COVID-19 vaccines 
in use around the world.

6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-modified 

mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed through a 
collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, Germany)(156, 157). 
BNT162b2 gained WHO emergency use listing on 31st December 2020(158) and, as of 24th January 
2022, has been approved for use in 136 countries(4). 

Following administration of BNT162b2, a Th1-biased response is observed, with tumour 
necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all elevated following 
vaccination, compared to placebo(159, 160). Highest neutralisation titres are found between seven 
and fourteen days following the second dose(161), while those previously infected with COVID-19 
showed a four-fold increase in antibody binding and a 18-fold increase in neutralisation titres 
compared to previously uninfected individuals following two-doses(162). The BNT162b vaccine is well 
tolerated, with limited reactogenicity. Redness and swelling at injection site have been reported, 
however mild or moderate pain at the injection site is the most commonly reported reaction to 
vaccination(161). Fatigue, muscle pain, headache and chills are other commonly reported symptoms 
following BNT162b2 administration(163). The rate of systemic reactions after a second dose of 
BNT162b has been found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an 
immunity-boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an increased 
risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster infection(166). Although rare, 
allergic reaction or anaphylaxis has also been reported following administration of the BNT162b2 
vaccine(163). Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.2 Oxford-AstraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee adenovirus 

ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed through collaboration 
between the University of Oxford and AstraZeneca (Cambridge, UK), this vaccine was given WHO 
emergency use listing on 16th February 2021(158) and has been approved for use in 137 countries, as 
of 24th January 2022(4). The WHO has granted emergency use listing to two versions of this vaccine 
(AZD1222 and Covishield) in order to utilise Covishield as part of their worldwide COVAX initiate, which 
is being produced by the Serum Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Following administration of AZD1222, significant antibody production, predominantly of IgG1 
and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and TNFα, is 
seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising antibody response in 
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91% of participants, while a second dose resulted in 100% of participants producing neutralising 
antibodies(170). Mild and moderate itch, pain, redness, swelling, tenderness, and warmth are 
common local reactions, while chills, fatigue, fever, headache, muscle ache, and nausea are commonly 
reported systemic reactions following AZD1222 administration(170). Rare symptoms, including severe 
chest pain, nasal bleeding, and allergic reaction have been reported following AZD1222 
administration(171). Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.3 Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain the 

SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single dose(172). This 
vector was developed from the recombinant human adenovirus type 26 by the Janssen 
pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, US)(172) and was listed 
for WHO emergency use listing on 12th March 2021(158). As of 24th January 2022, Ad26.COV.2.S has 
been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, such as 
IgG, IgM, and IgA, and promotes several non-neutralising antibody responses, including activation of 
CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and TNFα(173, 174). Although neutralising 
antibody responses induced by Ad26.COV2.S are reduced against SARS-CoV-2 variants, non-
neutralising antibody and T-cell responses have been found to be preserved against VOC(173), while 
a prior COVID-19 infection significantly increases levels of S protein-binding antibodies, antibody-
dependent cellular cytotoxicity, and neutralising antibodies against VOCs including Beta and 
Delta(175). Ad26.COV.2.S is safe and well tolerated, with a large clinical trial demonstrating that 
headache, fatigue, and myalgia, are the most common systemic reactions, while injection-site pain is 
the most common local reaction following administration(172). Like other vaccines, Ad26.COV.2.S has 
been associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world data for 
vaccine effectiveness.

6.4 Moderna – mRNA-1273
The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a lipid-

nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has been 
prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 2021(158), and 
as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, and IL-2 
expression increased following administration(178-180), while neutralising antibody titres have been 
shown to significantly increase up until around 28 days following the second dose of the vaccine, and 
afterwards remain consistently high(181). Fatigue, muscle pain, headache, chills, joint pain, and 
injection-site pain/reaction are common adverse effects caused by the mRNA-1273 vaccine(163, 177), 
while serious adverse effects are often avoided(177, 181). Serious adverse events, including allergic 
reaction and anaphylaxis are rare, but not inconceivable following mRNA-1273 administration(163). 
Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.5 Other WHO emergency use listed COVID-19 vaccines
In addition to the five COVID-19 vaccines described previously, five other vaccines have gained 

emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-19 vaccine (Covilo) was 
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developed by the Beijing Bio-Institute of Biological Products, a subsidiary of China National Biotec 
Group, and was given WHO emergency use listing on 7th May 2021(158). This vaccine is a 19nCoV-
CDC-Tan-HB02 strain SARS-CoV-2 antigen that is produced in Vero cells, inactivated by β-
propiolactone, and then purified and absorbed with aluminium hydroxide(182). Next, the CoronaVac 
vaccine, developed by Sinovac Biotech (Beijing, China), was listed for WHO emergency use on 1st June 
2021(158). Like the BBIBP-CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-
adjuvanted, β-propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 
strain(183). Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the WHO On 3rd 
November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-CoV2372), were both 
developed by Novavax (Maryland, United States) and the Coalition for Epidemic Preparedness 
Innovations (Oslo, Norway), and gained emergency use listing on 17st and 21th December 2021, 
respectively(186, 187). Both vaccines are manufactured using the same technology, and consist of a 
recombinant SARS-CoV-2 S protein nanoparticle administered with the adjuvant Matrix-M as a co-
formulation(188). These vaccines produce similar immune responses to those already discussed. 
Studies assessing the efficacy of these vaccines are outlined in table 2. 

6.10 Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, around 

the world, vaccines have been developed, tested, and approved to combat COVID-19. As of 24th 
January 2022, 33 vaccines, including the ten described above, have been approved in at least one 
country(4). The remaining 23 approved vaccines are outlined in table 3.

6.11 Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the effectiveness of 

vaccines (table 2). Simultaneously, waning immunity following vaccination questions how long 
vaccines remain effective and highlights the importance of booster doses. Indeed, protection against 
SARS-CoV-2 following vaccination decreases over time, both in terms of antibody titres(189-191) and 
vaccine effectiveness(192-195). Cellular responses, such as T-cell immunity, may persist for longer 
periods, however(196, 197). With a gradual loss of protection from SARS-CoV-2 following COVID-19 
vaccination, many countries are now rolling out booster programmes with the aim of raising levels of 
immunity. 

Since booster programmes began, evidence that a booster vaccine dose enhances antibody 
and cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody titres 
increase significantly(198-201) and, in some cases, to higher levels than after the primary two 
doses(198). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(199, 202, 203). T-cell response is also enhanced 
following a third dose(200, 204, 205). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen. 

The antibody and cellular responses observed following booster vaccinations have been found 
to correlate with increased levels of protection against SAR-CoV-2 infection and severe illness. On 30th 
July 2021, Israel was the first country to offer a third dose of BNT162b2 to certain groups. 
Subsequently, several studies have revealed that those who received a third vaccine dose were 
significantly less likely to be infected or have severe disease with SARS-CoV-2 compared to those who 
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received two-doses(206-209). In those aged 60 or older, an observational study demonstrated that 
the rate of severe COVID-19 and death was lower in the boosted group by a factor of 17.9 and 14.7, 
respectively, compared to the non-boosted group(210). Booster doses of COVID-19 vaccine have been 
shown to be effective against infection with Delta(211, 212) and, to a lesser degree, Omicron 
variants(75, 145, 146, 212-214) despite the numerous mutations harboured by these variants. Overall, 
increasing evidence is pointing towards the benefits of booster doses of COVID-19 vaccines, therefore 
it is expected that booster programmes will continue to roll out across the globe. Based on current 
evidence, the CDC recommend that the time interval for receiving a booster following the primary 
regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for Moderna 
mRNA-1273 primary regimen, and two months for Johnson & Johnson Ad26.COV2.S primary 
regimen(215). As the pandemic progresses and new variants emerge, variant-specific vaccines may 
require development, with pre-clinical studies demonstrating their efficacy(216) and pharmaceutical 
companies, such as Pfizer, advancing in variant-specific vaccine development(146). Policy makers 
should also consider when vaccine boosters will be given in the future and who will receive booster 
doses in the long-term. 

7. Emerging Treatments 
As more is learnt about the virus, the therapeutic strategy against COVID-19 develops. There 

are currently over two thousand ongoing trials assessing certain treatment strategies for COVID-
19(217). Recently, antivirals including molnupiravir (Lagevrio) and nirmatrelvir/ritonavir (Paxlovid) 
have been approved in the UK(218, 219), US(220, 221), and Europe(222, 223) for treating COVID-19 
in certain risk groups. Similarly, sotrovimab (Xevudy), a monoclonal antibody treatment, has recently 
been approved for use in treating certain COVID-19 patients in the UK(224), US(225), and Europe(226). 
These drugs have been shown to be effective at preventing poor clinical outcomes, including death, 
in those vulnerable to severe COVID-19 infection. Other drug treatments, such as janus kinase 
inhibitors, corticosteroids, and anti-inflammatories have contrasting evidence to support their use, 
and therefore, the use of specific drugs is either recommended for or against by certain treatment 
and management guidelines, which are discussed below. 

8. Guidelines
The treatment and management of COVID-19 is a continually evolving topic, however, health 

authorities have published and continue to update guidelines and recommendations for treating 
COVID-19. The WHO living guideline on COVID-19 and therapeutics is regularly updated, with the 
latest version, published on 14th January 2022 containing 14 recommendations on COVID-19 
treatment(227). In the UK, the National Institute for Health and Care Excellence (NICE)(228) and 
Medicines and Healthcare products Regulatory Agency (MHRA)(229) provide updated guidelines on 
COVID-19 treatment, while in Europe, the ECDC regularly publishes several guidelines providing 
recommendations on a range of COVID-19 related topics(230). In the US, the National Institutes of 
Health (NIH)(231) and the CDC(232) provide guidance on COVID-19 treatment and management, with 
the CDC supplying guidelines for specific groups including, employers, schools, health departments, 
and governments. 

9. Considerations for the future
Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of nature 

and it is, therefore, important that we learn from past pandemics to prepare for future ones. Firstly, 
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the COVID-19 pandemic has highlighted and amplified the existing inequalities within society(233), 
with non-white ethnicity, social disadvantage, and unemployment all risk factors for testing positive 
for COVID-19(234) and those most economically deprived found to be particularly vulnerable(235). 
These inequalities require addressing to be better prepared for similar situations in the future. Next, 
to progress through a pandemic we should be racing the pathogen, not each other. This statement 
becomes apparent when you consider the problems countries faced when seeking out PPE(236), and 
the vaccine inequity seen around the world(237), with developed countries often better placed to be 
able to purchase these items. Initiatives such as the WHO’s COVAX programme are vital to protect 
those most vulnerable and reduce the global spread of disease. In October 2021, the UK government 
released a publication outlining where the policies implemented to reduce the impact of the COVID-
19 pandemic failed, and the lessons learned from these failures (238). Here, it is clear that there is 
room for improvement, with the publication presenting conclusions and recommendations on how to 
enhance pandemic preparedness, lockdown and social distancing measures, testing and contact 
tracing, social care, and vaccines. In countries such as the UK, US, and much of Europe, where the 
COVID-19 death rate has been high, steps need to be taken and lessons need to be learnt in order to 
be better prepared for the next pandemic. The responsibility of improving pandemic response lies 
with policy makers, the medical/scientific community, and the public, and will ultimately require a 
collaborative approach.

Certain aspects of the response to the COVID-19 pandemic have been a triumph, however. 
One of the major victories was the rapid development and rollout of vaccines(239), which continue to 
be effective. The rollout of rapid testing and quarantine for positive cases was also important to at 
least disrupt the spread of the virus, especially given that asymptomatic individuals can contribute to 
the spread. Furthermore, the swift identification and sharing of knowledge of SARS-CoV-2 variants 
between countries should be applauded. Lessons can be learned from countries where COVID-19 was 
controlled. In Taiwan, managing the pandemic as directed by pre-COVID-19 pandemic plans prompted 
an immediate response; screening of all airline passengers arriving from Wuhan and high risk areas, 
restricting entry for non-Taiwanese citizens, 14-day quarantine period for contacts of confirmed cases 
or returning travellers, a ban on large gatherings, and widespread mask wearing were some of the 
quickly implemented management strategies(240). New Zealand implemented similarly effective 
restrictions, with the addition of a national lockdown(240). Many of the pandemic control components 
that kept case and death numbers low in Taiwan and New Zealand could be adopted by other 
countries in the future and may lead to greater outcomes in terms of protecting both health of 
individuals and the health and wellbeing of the country. Overall, there is much to be learnt from the 
COVID-19 pandemic and, as we emerge from it, inspection of which policies failed, and which 
succeeded are imperative.  

10. Conclusion
COVID-19 remains prevalent and life-threatening. Although rollout of vaccines has been 

successful, we must aim to address unmet goals, such as attaining a high global vaccination coverage 
and ensuring that all healthcare systems have the capacity to cope with seasonal waves. With Omicron 
highly prevalent, we must continue to learn, develop therapeutics, and remain vigilant to new VOCs. 
Here, we have provided an overview of the virology of SARS-CoV-2, including the mutations harboured 
by variants of the virus and how these mutations effect its transmissibility and virulence. Lastly, we 
discussed the vaccines that have been developed and administered around the world and provided 
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evidence supporting the rollout of booster doses. Future priorities should focus on continuing 
vaccination programmes and developing variant-specific vaccines as new mutations emerge. This, 
along with the expansion of our knowledge of SARS-CoV-2 and which therapies are most successful to 
treat infections with it will ultimately lead to favourable outcomes moving forward.  

Research Questions
1) How will the SARS-CoV-2 virus mutate in the future, and which mutations will give a 

competitive advantage that will allow the virus to inflict disease to many people?
2) How do we keep up with the rapidly changing SARS-CoV-2 environment and ensure that 

vaccines remain effective?  
3) How do we manage the booster programme and when will future booster vaccinations be 

required in order to maintain high levels of immunity? 
4) How can we learn from the current and past pandemics so that we are better prepared for 

the next one? 
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Figure Legends: 

Figure 1: Genome and structure of SARS-CoV-2. A) SARS-CoV-2 genome and S protein amino acid 
composition. The SARS-CoV-2 genome is approximately 30,000 base pairs (bp) long and consists of 
open reading frames (ORF) and elements that are essential for the virus’ structure. The spike S 
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protein is responsible for binding and entry into host cells. SARS-CoV-2 variants of concern (VOC) 
contain various S protein non-synonymous mutations that result in amino acid changes in the 
receptor binding domain (orange text) and the S1/S2 subunit interface (black text) which have been 
demonstrated to enhance transmissibility of the virus. VOC include Alpha (α), Beta (β), Gamma (γ), 
and Delta (δ). B) SARS-CoV-2 structure. SARS-CoV-2 is a RNA virus that has a crown-like appearance 
and contains four major structural proteins: nucleocapsid (N), spike (S), envelope (E), and membrane 
(M). C) S and ACE2 interaction. The SARS-CoV-2 S protein directly interacts with human angiotensin-
converting enzyme 2 (ACE2) receptors in order to gain entry into host cells. The receptor binding 
domain (RBD) of the S protein tightly binds to ACE2. D) Spike protein structure. The S protein 
protrudes out from the main SARS-CoV-2 bulk and is comprised of two subunits: S1 and S2. S1 
contains the RBD which directly interacts with the human ACE2 receptor, while the S1/S2 interface 
contains a furin cleavage site which is cleaved to allow S2 to fuse with the host cell membrane. Both 
the RBD and the S1/S2 interface contain transmissibility increasing mutations that are harboured in 
variants of concern. 

Figure 2: Viral entry and host response. A) At the alveolar epithelial cell layer. Epithelial cells in the 
lungs express both angiotensin-converting enzyme 2 (ACE2) receptors and transmembrane protease 
serine 2 (TMPRSS2), allowing for infection by SARS-CoV-2. Replication of the virus within these cells 
induces an intense immune response that attracts monocytes, T-cells and macrophages and, in some 
cases, can result in a cytokine storm. B) Within nearby blood vessels. Cytokines produced by the 
epithelial cell layer are released into blood vessels supplying the infected tissue, which causes the 
recruitment of further immune cells to the area, driving the damaging inflammatory response 
further. Circulating cytokines also create a systemic inflammatory environment. C) Adaptive 
immune response. Circulating lymphocytes carry viral antigens to lymph nodes and bone marrow to 
begin the adaptive immune system processes whereby B-cells, and later antibodies, are activated. D) 
SARS-CoV2 host replication. The SARS-CoV-2 virus utilises the ACE2 receptor and TMPRSS2 to gain 
entry into human cells. Following release of the viral RNA within the host cell, the virus utilises the 
host endoplasmic reticulum (ER) and Golgi apparatus to produce and manufacture new viral 
particles, which are released out of the cell to infect other cells and new hosts. 

Table 1: SARS-CoV-2 variants and their S protein mutations. *first detection worldwide. 
Information correct as of 24th January 2022.

Table 2: Vaccine effectiveness of vaccines that have gained WHO emergency use listing. *Adjusted 
for covariates when reported by study, dates are reported in dd/mm/yyyy format. Vaccine 
effectiveness days/months refers to days/months since vaccination dose. Information correct as of 
reported conclusion date of each study. 

Table 3: COVID-19 vaccines approved in at least one country. Information correct as of 24th 
January 2022.
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Abstract
As of 25th January 2022, there have been over 349 million confirmed cases of COVID-19, with 

over 5.59 million confirmed deaths associated with the SARS-CoV-2 virus. The COVID-19 pandemic has 
prompted an extensive, global effort to study the molecular evolution of the virus and develop 
vaccines to combat its spread. Although rigorous determination of SARS-CoV-2 infectivity remains 
elusive, due to the continuous evolution of the virus, steps have been made to understand its genome, 
structure, and emerging genetic mutations. The SARS-CoV-2 genome is composed of a number of open 
reading frames (ORFs) and structural proteins, including the spike protein, which is essential for entry 
into host cells. As of 25th January 2022, the WHO reports five variants of concern (VOC) two variants 
of interest (VOI) and three variants under monitoring (VUM). The mutations harboured in these 
variants confer an increased transmissibility, severity of disease, and escape from neutralising 
antibodies compared to the primary strain. The current vaccine strategy, including booster doses, 
provides protection from severe disease. As of 24th January 2022, there are 33 approved vaccines in 
use in 197 countries. In this review, we discuss the genetics, structure and transmission methods of 
SARS-CoV-2 and its variants, highlighting how mutations provide enhanced abilities to spread and 
inflict disease. We also outline the vaccines currently in use around the world, providing evidence for 
the immunogenicity and effectiveness of each.

1. Introduction
There are seven coronaviruses that infect humans, all belonging to either alpha- or beta-

coronavirus subgroups, including 229E (alpha), NL63 (alpha), OC43 (beta), and HKU1 (beta)(1). Over 
the last two decades, three notable beta-coronaviruses, severe acute respiratory syndrome 
coronavirus (SARS-CoV) in 2002, Middle East respiratory syndrome coronavirus (MERS-CoV) in 2011, 
and most recently, severe acute respiratory syndrome 2 (SARS-CoV-2) in 2019, have emerged and 
caused severe illness resulting in debilitating disease and worldwide fatalities. SARS-CoV-2 is the 
pathogen responsible for the current Coronavirus 2019 (COVID-19) pandemic and has caused more 
than 5.59 million deaths in approximately two years and resulted in multisystem illness in several 
million people(2).  

All viruses change and mutate over time, with most changes having little to no impact. 
However, some mutations may alter its pathogenic or transmission potential and could, therefore, 
increase disease severity or hinder the effectiveness of vaccines and therapeutic strategies. The World 
Health Organisation (WHO) classify SARS-CoV-2 variants that increase transmissibility, disease severity 
or virulence, or decrease the effectiveness of public health measures, diagnostics, therapeutics, or 
vaccines as variants of concern (VOC). Variants with genetic changes that are predicted to enhance 
the virulence and transmissibility of the virus which have been identified to cause community 
transmission in multiple countries posing a possible risk to global public health are defined as variants 
of interest (VOI). Lastly, the WHO defines variants with genetic changes that are suspected to affect 
virus characteristics and have currently unclear phenotypic or epidemiological effects as variants 
under monitoring (VUM). VUM are not typically assigned a name until they are upgraded to VOI or 
VOC. The full working definitions of VOC, VOI and VUM can be found on the WHO ‘tracking SARS-
CoV-2 variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-variants/(3). As of 25th 
January 2022, the WHO reports five VOC; Alpha, Beta, Gamma, Delta and Omicron, two VOI; Lambda 
and Mu, and three VUM(3). Former VOC/VOI/VUM have been reclassified as ‘formerly monitored 
variants’ due to them either no longer circulating, having little impact on the epidemiological situation, 
or having no concerning properties(3). Since the beginning of the COVID-19 pandemic, the rapid 
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development of effective COVID-19 vaccines has taken place around the world. As of 24th January 
2022, there are 33 approved vaccines in use in 197 countries, with ten vaccines having gained 
emergency use listing approval from the WHO(4).

In this review, we provide an overview of the genome and structure of SARS-CoV-2, describing 
how these elements allow the virus to infect and replicate inside of host cells, before outlining how 
certain mutations harboured by SARS-CoV-2 variants enhance these abilities. Next, we examine the 
current state of vaccine development around the world and provide evidence of the effectiveness of 
booster doses. 

2. Methods
We searched PubMed and Embase databases for COVID-19-related articles published 

between 1st January 2020 and 25th January 2022 and for general coronavirus-related articles published 
from 1st January 2000 onwards. Our search terms included SARS-CoV-2, COVID-19, and specific terms 
including virology, genome, variants, and vaccine. Additional, specific search terms are outlined in 
supplementary file 1. We performed further manual searching for additional articles and data using 
relevant databases, including who.int, gov.uk, and ecdc.europa.eu/en. Due to the rapidly evolving 
nature of the literature involving SARS-CoV-2, we also searched preprint databases including MedRxiv 
and BioRxiv. Due to the various topics addressed here, studies were selected through different criteria, 
details of which can be found in supplementary file 1. Overall, studies were selected based on quality 
and journal reputation, with real-world studies with large sample sizes of greatest interest. 

3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19
SARS-CoV-2 is predominantly spread via respiratory droplet transmission, spreading between 

people through close contact, coughing, or sneezing. It has been documented that the virus can also 
spread through airborne transmission, fomite transmission, and via other modes, such as through 
biological material including urine and faeces, and through (5, 6). The SARS-CoV-2 virus may survive 
on surfaces or suspended in air droplets for some time. Indeed, on plastic, stainless steel, and glass 
surfaces, the half-life of the virus is around 5.3, 4.4, and 4.2 hours, respectively(7), with no difference 
seen between SARS-CoV-2 variants(8). Although SARS-CoV-2 can be detected on inanimate surfaces 
for hours and days, due to the evaporation of water droplets, the viruses’ living environment, the 
concentration of the virus plummets rapidly(9). Protective measures, including using personal 
protective equipment (PPE), maintaining indoor ventilation, and disinfecting hands and surfaces, can 
effectively limit the spread of SARS-CoV-2(10). 

Once inside the airways, SARS-CoV-2 can directly or indirectly infect ciliated, mucus-secreting, 
and club cells of bronchial epithelium, type 1 pneumocytes within the lungs, and the conjunctival 
mucosa(11). The clinical presentation of COVID-19 is non-specific, heterogeneous, and infection can 
result in a wide spectrum of symptoms. Following an incubation period of 4-14 days, symptoms 
develop ranging from mild to severe disease and, in some cases, can result in death(12). The most 
common COVID-19 symptoms include fever, cough, dyspnoea, and fatigue(13, 14), while myalgia, 
gastrointestinal issues, cognitive deficits, and other symptoms are reported. Asymptomatic individuals 
can also test positive for COVID-19(15, 16). Although the entire population is susceptible to COVID-19 
infection, some subgroups within the general population exist that are more susceptible to developing 
poorer clinical outcomes.

Risk factors associated with increased risk of hospitalisation, severe disease, and fatal 
outcome with COVID-19 have been identified. Older age(17-19), male sex(20, 21), non-white 
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ethnicity(21, 22), comorbidities including diabetes, hypertension, and lung disease(18, 23-25), 
malignancy and immunodeficiency(26-28) have all been associated with more severe COVID-19. The 
duration of symptoms endured by COVID-19 patients, as well as the treatment they receive will also 
have profound influences on the severity of disease they experience and both the acute and long-term 
outcomes following recovery. The host genetic background is thought to have an influence on the 
susceptibility and severity of COVID-19, possibly explaining the broad spectrum of clinical 
manifestations that can develop in seemingly similar individuals. A study examining individuals with 
COVID-19 across numerous ancestry groups identified four gene loci associated with susceptibility to 
COVID-19; SLC6A20, RPL24, ABO, PLEKHA4, and nine associated with increased risk of severe COVID-
19; LZTFL1, FOXP4, TMEM65, OAS1, KANSL1, TAC4 , DPP9, RAVER1, and IFNAR2(29). Meanwhile, 
genome-wide association studies spanning across Europe, the United States (US), and the United 
Kingdom (UK) identified a gene cluster on chromosome three (chr3p21.31) as being strongly linked 
with susceptibility and severity of COVID-19(30, 31). Polymorphisms in the angiotensin-converting 
enzyme 2 (ACE2) receptor and transmembrane protease serine 2 (TMPRSS2) have also been shown to 
enhance SARS-CoV-2 viral entry(32, 33), with differential polymorphisms seen across ethnic 
populations, which may partly explain why certain ethnic groups are more susceptible to severe 
COVID-19. Increased ACE2 receptor levels have also been associated with other risk factors of COVID-
19 including smoking and increasing age(34). The utilisation of polygenetic risk scores (PRS) may be 
useful in determining an individual’s risk for developing severe disease caused by COVID-19(35). A PRS 
infers a person’s risk of susceptibility to, or development of a certain disease based on the total 
number of genomic variations they possess. Determining PRS with the inclusion of comorbidities, such 
as chronic obstructive pulmonary disease(36), or other aspects, such as coagulation factors(37), may 
improve the usefulness of PRS in determining a person’s risk of severe COVID-19. 

4. Virology of SARS-CoV-2
SARS-CoV-2 is a positive-stranded ribonucleic acid (RNA) virus belonging to Coronaviridae 

family. Coronaviruses, which have crownlike appearances, are the largest known RNA viruses and are 
thought to primarily infect vertebrates(38, 39). SARS-CoV-2 belongs to the beta genus of the 
coronaviruses and has a genome varying from 29.8kb to 29.9kb in size(40). Human coronaviruses 
(HCoV) genomes consist of a variable number of open reading frames (ORFs). Following the typical 5’-
3’ order, the beginning two-thirds of the SARS-CoV-2 genome contains two ORFs, ORF1a and ORF1b 
which, inside the host cell, are translated at the rough endoplasmic reticulum into polyprotein 1a 
(pp1a) and polyprotein 1ab (pp1ab), respectively(40). These polyproteins are cleaved into 16 non-
structural proteins (nsp); nsp1-11, from pp1a and nsp12-16, from pp1ab. The proteolytic release of 
nsp1 occurs rapidly, which enables it to interfere with translation processes of the host cell by inducing 
cellular mRNA degradation(41-43). Nsp2-16 contain the viruses’ replication and transcription complex 
(RTC) and encode multiple enzymes with many functions including, proteases, helicase, polymerase, 
exo- and endo-nuclease, N7- and 2’O-methyltransferases, and de-ubiquitination enzymes(44, 45). The 
final third of HCoV genomes contain genes that encode structural and accessory proteins. The four 
major structural proteins encoded here are the nucleocapsid (N), membrane (M), envelope (E), and 
spike glycoprotein (S) proteins(46, 47). The N protein is associated with the viral RNA genome and is 
involved in RNA synthesis regulation and interacts with the M protein during viral budding(39, 48). 
The M protein is important for viral assembly, it contains a short N-terminal domain that projects onto 
the external surface of the envelope and a long internal C terminus(39). The E protein function is 
largely unknown; however, along with the N and M proteins, it is required for viral assembly and 
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release(47) . Lastly, the S protein gives coronaviruses their characteristic spikes that compose their 
crownlike appearance. This protein projects through the viral envelope, is heavily glycosylated, and 
regulates host cell membrane receptor binding and fusion of the viral and cellular membrane(49). The 
functions of the eleven accessory proteins encoded within the one-third closest to the 3’ end of the 
SARS-CoV-2 genome are not fully understood. These accessory proteins are encoded by the ORF3a, 
ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORC9c, and ORF10 genes. Some of these 
proteins, including ORF3b, ORF6, ORF7a and ORF8 are interferon antagonists which impair the host 
cell immune response(50-53), while ORF3a may promote virus release(54) and is involved in apoptosis 
of host cells through caspase-3 activation(55). ORF9b and ORF9c are known to supress the host 
antiviral response by interacting with host cell organelles(56-58), while a clear understanding of the 
functions of ORF3c, ORF7b, and ORF10 remains elusive(59). Figure 1 (A and B) depicts the genome 
and structure of SARS-CoV-2.   

The S glycoprotein is composed of two functionally distinct subunits (S1 and S2) and 
is essential for viral entry into host cells. The N-terminal S1 domain of the protein contains the 
receptor-binding domain (RBD) that directly interacts with the ACE2 receptor on the host cell, the 
primary receptor that SARS-Cov-2 utilises for cell entry(60). The C-terminal S2 domain fuses the host 
and viral membranes to allow for entry of the viral genome into the host cell(61). The subunits of the 
trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion stage) 
conformation(62), with one subunit always in an open conformation to allow for ACE2 recognition and 
binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by several α-helices(64). 
From closed to open conformation, the RBD undergoes structural rearrangement whereby the 
globular head region rotates clockwise, which alters is elecropotential surface(64). Once positioned, 
numerous residues within the RBD form either hydrogen bonds or salt bridges with residues of the 
ACE2 receptor, allowing for tight binding(65), while the concave structure of the RBD allows for three 
distinct binding regions(64). Following binding between the S protein and the host cell receptor, host 
cell proteases cleave the S protein, causing the release of the S2 domain which allows for fusion and 
cell entry(66). Figure 1 (C and D) demonstrate the structure and function of the S protein. 

The ACE2 receptor is expressed in numerous cell types throughout the human body, including 
in the lungs, oral and nasal mucosa, heart, gastrointestinal tract, kidneys, liver, spleen, and brain(67), 
highlighting the widespread infection that SARS-CoV-2 can inflict. Meanwhile, TMPRSS2, a host cell 
protease, facilitates fusion of the viral and host cell membranes(68), and may play a role in the spread 
of the virus in the airways(68). Host cell cathepsin L may also aid in SARS-CoV-2 cell entry by cleaving 
the S protein(69). Indeed, a clinically approved protease inhibitor has been shown to block SARS-CoV-2 
cell entry(70). Figure 2 depicts the mechanism by which SARS-CoV-2 gains entry into and replicates 
inside host cells, and overviews the host cell immune response. 

5. Variants of SARS-CoV-2 
Most viral mutations have a limited impact on the viruses’ ability to infect, replicate, escape 

host immunity, and transmit, however, certain mutations may give a viral strain a competitive 
advantage and, through natural selection, give it the ability to become dominant. Many of the 
mutations observed in SARS-CoV-2 variants are found within the RBD or the N-terminal domain of the 
S protein, which alters the three-dimensional structure of the S protein. Not only can these changes 
affect the transmission abilities of the virus but can also allow it to better escape the immune 
response, including from neutralising antibodies either elicited through vaccine administration or 
natural infection. The SARS-CoV-2 virus has mutated numerous times, with estimates suggesting that 
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circulating lineages acquire nucleotide mutations at rates of around one to two mutations per 
month(71). The current method of identifying variants relies on the use of genomic testing such as 
whole genome sequencing, partial S-gene sequencing, or nucleic acid amplification technique (NAAT)-
based assays(72). The aspects of different variants that most people experience, however, is the 
clinical symptoms they inflict. Certain variants induce a greater risk of severe disease and death, such 
as Alpha and Delta(73), while others are more likely to induce milder symptoms, such as Omicron(74, 
75). Moreover, individual symptoms can differ between variants. For example, the Gamma variant is 
associated inflicting anosmia and dysgeusia(76), which is less commonly seen in Omicron infections. 
Moving forward, the clinical themes and symptoms associated with emerging variants should be 
elucidated rapidly in order for the public and healthcare professionals to rapidly identify possible cases 
of COVID-19. 

The WHO have tracked and monitored SARS-CoV-2 variants since the COVID-19 pandemic 
began to identify VOCs. As of 25th January 2022, the WHO reports five VOC, two VOI, and three VUM(3) 
(Table 1). Herein, we report studies that compare SARS-CoV-2 variants to the ‘primary’ virus strain. 
‘Primary strain’ refers to the strain of the virus that first emerged in Wuhan, China at the end of 2019 
and spread around the world in the first wave of infections, which is often also referred to as the 
Wuhan-Hu-1, B.1, or wild-type strain.  

5.1 Variants of concern
5.1.1 Alpha 

The Alpha SARS-CoV-2 variant, of the B.1.1.7 lineage, was first documented in the UK 
in September 2020 and classified as a VOC on 18th December 2020(3, 77). This variant contains S 
protein mutations which have potential biological effects. Firstly, the S protein residue 501, a key 
contact residue within the RBD, forms a portion of the binding loop in the contact region of the ACE2 
receptor, forms a hydrogen bond with the Y41 residue of the ACE2 receptor, and stabilises the ACE2 
K353 residue(65, 78, 79). Alpha harbours an N501Y mutation which increases the binding affinity of 
the RBD to the ACE2 receptor(80). Next, the P681H mutation contained within the Alpha variant is 
located immediately adjacent to the 682-685 furin cleavage site, at the interface of the S1 and S2 
domains(81). The S1/S2 furin cleavage site prompts entry into respiratory epithelial cells and partly 
determines the transmissibility of the virus(82-84), while the P681H mutation makes the furin 
cleavage site less acidic, meaning it is more effectively recognised and cleaved(85, 86). Alpha also 
contains a D614G mutation, located within the S1/S2 furin cleavage site, which increases SARS-CoV-2 
binding affinity to the ACE2 receptor and increases infectivity(87). Other mutations harboured within 
the Alpha variant enhance the ability of the virus to escape antibody detection, such as the two amino 
acid deletion at the sites 69-70 in the N-terminal domain of the S protein(88, 89), while other 
mutations demonstrate limited or no effects(90). In February 2021, viruses of the B.1.1.7 lineage with 
the added S protein mutation E484K were identified, which may have threatened vaccine 
effectiveness due to the mutation conferring an increased resistance to neutralising vaccine-elicited 
and monoclonal antibodies(91). This mutation had limited effects, however, and variants containing 
it failed to dominate. 

Epidemiological studies explored the Alpha variant, with a study in Madrid, Spain finding that 
the probability of admission to an intensive care unit (ICU) was twice as high in patients infected with 
the Alpha variant compared to those infected with the primary strain, while this variant became the 
dominant strain within four months, and led to an increase in disease burden as a result(92). 
Meanwhile in Cannes, France, infection with the Alpha variant was associated with a 3.8-fold higher 
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risk of transfer to an ICU or death compared to the primary strain(93). During the third COVID-19 wave 
in Ontario, Canada, where 91% of infections were caused by the Alpha variant, the risk of both 
hospitalisation (adjusted odds ratio (aOR)=1.57) and death (aOR=1.52) was higher compared to 
primary strain infections(94). Overall, the Alpha variant was approximately 50-70% more transmissible 
and was associated with a 30-60% increased risk of hospitalisation and death compared to the primary 
strain(95-100).

The Alpha variant was found to have a minimal impact on the effectiveness of current 
vaccines(101, 102), while the risk of reinfection remained similar for this variant as with previous 
ones(103). On 3rd September 2021, the European Centre for Disease Prevention and Control (ECDC) 
reclassified the Alpha, and the Alpha+E484K mutation variants from a VOC to a ‘de-escalated variant’ 
(104). 

5.1.2 Beta
The Beta SARS-CoV-2 variant, of the B.1.351 lineage, was first documented in South Africa in 

May 2020(3). This variant contains five S protein mutations of interest: N501Y, E484K, D614G, K417N, 
and A701V. Like the Alpha variant, Beta contains the mutations N501Y, E484K, and D614G, which 
increase ACE2 receptor binding affinity(80, 87), increase virulence(105), and enhance resistance to 
neutralising antibodies(91, 106). The K417 residue of the SARS-CoV-2 S protein interacts with the D30 
residue of the ACE2 receptor, forming a salt bridge across the central contact region(65, 78), however, 
the K417N mutation appears to have a limited impact on ACE2 receptor binding(80). The A701V 
mutation is located close to the furin cleavage site but has a minimal impact on transmissibility or 
antibody resistance(101).

In a genomic and epidemiological study, it was concluded that the Beta SARS-CoV-2 variant 
had a selective advantage over previous variants from its increased transmissibility and immune 
escape abilities(107, 108), while the E484K/N501K mutations significantly enhanced the binding 
affinity of Beta and, hence, increased its transmissibility(109). A retrospective cohort study found that 
infection with the Beta variant was associated with an increased hospitalisation risk compared to an 
infection with a non-VOC (hazard ratio (HR)=2.30)(100). Overall, Beta is approximately 25-50% more 
transmissible, is associated with a possible increase in risk of hospital mortality, and has enhanced 
resistance to antibody neutralisation compared to previous variants(107, 108, 110). 

5.1.3 Gamma 
The Gamma variant is of the P.1 lineage and was first reported in November 2020 from 

travellers returning to Japan from Brazil, and was later discovered in Brazil(3, 111). This variant 
contains the S protein mutations of interest; K417T, E484K, N501Y, D614G, and H655Y(104). As 
mentioned, the N501Y and D614G mutations increase ACE2 receptor binding affinity and increase 
infectivity of the virus(80, 87). The N501Y, K417N/T, and E484K mutation trinity, meanwhile, is shared 
by both Gamma and Beta variants, and is associated with enhanced infectivity and lethality compared 
to the N501Y mutation alone, possibly due to tighter binding of the S protein to the ACE2 receptor 
due to increased electrostatic contribution(112). Gamma also possesses the H655Y mutation which 
was found to provide enhanced viral escape abilities from multiple human monoclonal antibodies in 
vitro(113).  

The Gamma variant is associated with heightened transmissibility(109, 110, 114), with one 
study concluding that it possesses a 1.7- to 2.4-fold increased transmissibility compared to previous 
variants(115). Additionally, the wave of infections caused by the Gamma variant in Brazil was 
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associated with a 13% increase in death rate compared to the previous wave, suggesting the greater 
virulence held by Gamma compared to previous viral strains(116). A surveillance study from seven 
European countries concluded that the Gamma variant was associated with a higher risk of 
hospitalisation (aOR=2.6) and admission to an ICU (aOR=2.2) when compared to non-VOC cases(117). 
In Manaus, Brazil the resurgence of COVID-19, despite high seroprevalence, suggested that the 
Gamma variant had a moderate resistance to neutralising antibodies(118), however, Gamma has been 
shown to be significantly less resistant to neutralising antibodies, compared to other variants, 
including Beta(119). 

5.1.4 Delta
The Delta variant, from the B.1.617.2 lineage, was first documented in India in October 2020 

and was classified as a VOC on 11th May 2021(3). Of the S protein mutations of interest, the 
aforementioned P681H and D614G are also harboured by the Delta variant(104) and similarly impacts 
its ACE2 receptor binding affinity and transmissibility(106, 120, 121). Unlike the E484K mutation seen 
in previous variants, Delta contains the E484Q mutation which, along with a L452R mutation also 
located within the RBD, causes significantly higher affinity for the ACE2 receptor than the primary 
strain or the E484K mutation alone(122). The L452R mutation alone results in greater RBD-ACE2 
receptor binding affinity and enhanced escape from neutralising antibodies(123, 124). Lastly, the Delta 
variant contains the T478K mutation, located on the interface between the S protein and the ACE2 
receptor when bound, which increases the electrostatic potential of the S protein and enhances 
binding affinity(125).

The Delta variant quickly became the dominant variant in the UK(126), US(127), Europe, and 
around the world(128). The mutations present in the Delta variant, enhanced the transmissibility of 
the virus as a result of increased binding affinity to the ACE2 receptor(109). It was estimated that the 
reproduction number of the Delta variant is 97% greater than non-VOC/VOI and approximately three 
times that of the Alpha, Beta, and Gamma variants(110), which highlights the competitive advantage 
that this variant had over earlier ones and how it rapidly became the dominant strain globally. The 
fast replication rate of Delta likely contributes to its increased transmissibility compared to Alpha, 
Beta, and Gamma. From infected individuals, the Delta variant has been able to be detected by 
polymerase chain reaction (PCR) within the first four days from exposure, while non-Delta infections 
could only be detected after six days(129). Furthermore, viral loads of people infected with the Delta 
variant were found to be significantly higher than people infected with other strains(129), including 
Beta(130). Delta is also thought to better escape neutralisation, with the frequency of post-vaccination 
infections much higher for the Delta variant than infections with the primary strain in India(131) and 
blood sera samples from individuals who had received one dose of a COVID-19 vaccine showing 
minimal neutralisation of the Delta variant(132). 

The Delta variant is also associated with an increased disease severity. In Scotland, infection 
with the Delta variant was associated with an increased risk of hospitalisation (HR=1.85) compared to 
infection with the Alpha variant(133). Compared to non-VOC infections, North American studies 
demonstrated that infection with Delta was associated with a 108%(134) or HR=2.3(100) increased 
risk of hospitalisation, a 234% increased risk for admission to an ICU, and a 132% increased risk of 
death(134). Lastly, a study in India found that the risk of death was around 1.8 times higher for Delta 
infections, while Delta also infected and induced symptoms in a greater proportion of younger people 
(0-19 years old), compared to the primary strain(131). 
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5.1.5 Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 2021 
in South Africa and Botswana before being detected in multiple countries and classified as a VOC on 
26th November 2021(3). This variant contains over 30 S protein mutations(104), 23 of which have 
been previously identified, including K417N, T478K, E484A, D614G, H655Y, P681H, and N501Y(135). 
15 Omicron mutations are contained within the RBD(17) providing the variant with a significantly 
enhanced binding affinity to the ACE2 receptor(135, 136). In addition, various single mutations 
harboured with the RBD of the Omicron variant impair the effectiveness of neutralising antibodies, 
including K417N, N440K, G446S, E484A, Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. Early 
data from South Africa demonstrated that the proportion of COVID-19 cases caused by the Omicron 
variant rose from 3% in early October, to 98% by early December(137). In late December 2021, 
meanwhile, the doubling time for number of positive Omicron cases was between two and three in 
the UK, US, and much of Europe(138, 139), highlighting the transmissibility of this variant. The 
mutations harboured by Omicron that enhance its binding affinity(135, 136) and ability to escape 
neutralising antibodies(17) likely drove its rapid spread, as did its fast replication rate, which is 
around 70 times faster than the Delta and primary strains(140). The reinfection rate of Omicron has 
also been found to be significantly higher than that of previous variants in studies from 
Scotland(141) and South Africa(142). 

The Omicron variant has extensive but incomplete escape from naturally acquired and 
vaccine-induced immunity(143, 144). Compared to the Delta variant, Omicron requires around a ten-
fold increased antibody titre to be neutralised, following vaccination with either Oxford-AstraZeneca 
or Pfizer/BioNtech vaccines(145). Indeed, blood sera from individuals who had received two doses of 
the Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in neutralising antibody titres 
against the Omicron variant compared to the primary strain(146). T-cell responses to Omicron may 
remain intact, however. One preprint study demonstrated that 70-80% of the T-cell response 
targeting the S protein was maintained in those vaccinated or with prior infection, while the 
magnitude of Omicron cross-reactive T-cells was like that of both Delta and Beta variants(147). 
Furthermore, data from Pfizer/BioNtech revealed that 80% of the epitopes in the Omicron variant S 
protein that are recognised by CD8+ T-cells were not affected by this variant’s mutations, following 
two-doses of the vaccine(146). T-cell responses induced from vaccine administration or prior 
infection may, therefore, provide some protection from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity than 
previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) was lower 
for Omicron infections compared to non-Omicron SARS-CoV-2 infections(137) while, compared to 
earlier infections associated with the Delta variant, Omicron-infected individuals had a lower risk of 
severe disease (aOR=0.3)(137). In December 2021 in England, Omicron cases were found to induce a 
significantly reduced risk of hospitalisation or presentation for emergency care in comparison to 
Delta cases(74, 75). The decreased disease severity inflicted by Omicron may be due to its reduced 
capacity for replication in lung tissue, which was found to be more than ten times less in lung tissue 
compared to Delta(140). Concordantly, the S protein of the Omicron variant is less efficient at 
cleaving the ACE2 receptor and entering cells of lung organoids(145), while is also less able to cause 
fusion between lung cells compared to Delta(145), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.
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Although the Omicron variant appears to manifest in mild disease, high case numbers may 
still result in many hospitalisations and deaths in those vulnerable to the virus. Omicron case 
numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly COVID-19 
cases were reported in the week ending 25th December 2021, compared to the previous week, and 
the Omicron wave is said to have passed(148). Concerningly, global case numbers continue to rise 
rapidly(149) and many countries will continue to feel the pressure exerted by the wave of Omicron 
infections. 

5.2 Variants of interest
5.2.1 Lambda

The Lambda variant, of the C.37 lineage, was first documented in Peru in December 2020 and 
was designated as a VOI on 14th June 2021(3). This variant contains the S protein mutations; D614G, 
L452Q, and F490S(104). The L452Q mutation, located within the RBD, enhances binding affinity to the 
ACE2 receptor and increases the infectivity of Lambda(150), while,  together L452Q and F490S 
increase the resistance of this variant to vaccine-elicited antibody neutralisation(150). Furthermore, 
F490S was identified as being a high-risk mutation for enhancing abilities to escape 
neutralisation(150). 

Infectivity of the Lambda variant may be higher than that of Alpha, Gamma, and other D614G 
containing variants(151), suggesting that Lambda could potentially spread more rapidly and 
effectively. Additionally, compared to the primary SARS-CoV-2 virus, antibody neutralisation was 
found to be decreased by 3.05-fold for the Lambda variant, higher than that for Gamma (2.33-fold) 
and Alpha (2.03-fold) variants(151). However, findings suggest that the Lambda variant can be 
neutralised by monoclonal antibodies and current vaccines are protective against this variant(150). 

5.2.2 Mu
The Mu variant, from the B.1.621 lineage, was first documented in Columbia in January 2021 

before receiving designation as a VOI on 30th August 2021(3). This variant contains the 
aforementioned S protein mutations E484K, N501Y, D614G, and P681H(104). Mu also contains the S 
protein mutation R346K, located within the RBD(104, 152), which may induce large binding free 
energy changes that disrupt the binding of antibodies to the S protein and enhance the ability of the 
variant to escape neutralisation(153). As discussed, the E484K, N501Y, D614G, and P681H mutations 
have been shown to increase transmissibility(80, 85, 87, 105, 109, 112, 120, 121) and neutralisation 
escape(91, 106) suggesting that the Mu SARS-CoV-2 variant is likely to be more infectious than the 
primary strain. 

Although the Lambda and Mu variants have been outcompeted by Delta and now Omicron, 
the development and spread of VOIs will need to be closely monitored and studied to appreciate their 
pathogenicity, transmissibility, and virulence. 

5.3 VUM
As of 25th January 2022, there are three VUM listed by the WHO(3) (table 1). 

6. Vaccinations 
The COVID-19 pandemic prompted a rapid international search for safe and effective vaccines 

against the SARS-CoV-2 virus. In line with previous vaccine development, including for both SARS-CoV 
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and MERS-CoV, the S protein was a key target for COVID-19 vaccine development(154). As of 24th 
January 2022, 33 approved vaccines are in use in 197 countries, with ten vaccines having gained 
emergency use listing approval from the WHO(4), (table 2). As of 25th January 2022 there are 194 
vaccines in pre-clinical development and 140 in clinical development(155). Numerous studies have 
explored the effectiveness of approved vaccines, however, large variations in vaccine effectiveness 
are reported. This variability is likely due to several factors in the studies including, the country, date, 
and population size of the study, as well as the SARS-CoV-2 variants circulating during the study period. 
These factors, along with how the effectiveness is reported, mean that it is difficult to compare 
vaccines and fully understand how effective each vaccine is. Here, we review the COVID-19 vaccines 
in use around the world.

6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-modified 

mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed through a 
collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, Germany)(156, 157). 
BNT162b2 gained WHO emergency use listing on 31st December 2020(158) and, as of 24th January 
2022, has been approved for use in 136 countries(4). 

Following administration of BNT162b2, a Th1-biased response is observed, with tumour 
necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all elevated following 
vaccination, compared to placebo(159, 160). Highest neutralisation titres are found between seven 
and fourteen days following the second dose(161), while those previously infected with COVID-19 
showed a four-fold increase in antibody binding and a 18-fold increase in neutralisation titres 
compared to previously uninfected individuals following two-doses(162). The BNT162b vaccine is well 
tolerated, with limited reactogenicity. Redness and swelling at injection site have been reported, 
however mild or moderate pain at the injection site is the most commonly reported reaction to 
vaccination(161). Fatigue, muscle pain, headache and chills are other commonly reported symptoms 
following BNT162b2 administration(163). The rate of systemic reactions after a second dose of 
BNT162b has been found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an 
immunity-boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an increased 
risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster infection(166). Although rare, 
allergic reaction or anaphylaxis has also been reported following administration of the BNT162b2 
vaccine(163). Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.2 Oxford-AstraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee adenovirus 

ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed through collaboration 
between the University of Oxford and AstraZeneca (Cambridge, UK), this vaccine was given WHO 
emergency use listing on 16th February 2021(158) and has been approved for use in 137 countries, as 
of 24th January 2022(4). The WHO has granted emergency use listing to two versions of this vaccine 
(AZD1222 and Covishield) in order to utilise Covishield as part of their worldwide COVAX initiate, which 
is being produced by the Serum Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Following administration of AZD1222, significant antibody production, predominantly of IgG1 
and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and TNFα, is 
seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising antibody response in 
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91% of participants, while a second dose resulted in 100% of participants producing neutralising 
antibodies(170). Mild and moderate itch, pain, redness, swelling, tenderness, and warmth are 
common local reactions, while chills, fatigue, fever, headache, muscle ache, and nausea are commonly 
reported systemic reactions following AZD1222 administration(170). Rare symptoms, including severe 
chest pain, nasal bleeding, and allergic reaction have been reported following AZD1222 
administration(171). Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.3 Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain the 

SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single dose(172). This 
vector was developed from the recombinant human adenovirus type 26 by the Janssen 
pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, US)(172) and was listed 
for WHO emergency use listing on 12th March 2021(158). As of 24th January 2022, Ad26.COV.2.S has 
been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, such as 
IgG, IgM, and IgA, and promotes several non-neutralising antibody responses, including activation of 
CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and TNFα(173, 174). Although neutralising 
antibody responses induced by Ad26.COV2.S are reduced against SARS-CoV-2 variants, non-
neutralising antibody and T-cell responses have been found to be preserved against VOC(173), while 
a prior COVID-19 infection significantly increases levels of S protein-binding antibodies, antibody-
dependent cellular cytotoxicity, and neutralising antibodies against VOCs including Beta and 
Delta(175). Ad26.COV.2.S is safe and well tolerated, with a large clinical trial demonstrating that 
headache, fatigue, and myalgia, are the most common systemic reactions, while injection-site pain is 
the most common local reaction following administration(172). Like other vaccines, Ad26.COV.2.S has 
been associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world data for 
vaccine effectiveness.

6.4 Moderna – mRNA-1273
The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a lipid-

nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has been 
prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 2021(158), and 
as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, and IL-2 
expression increased following administration(178-180), while neutralising antibody titres have been 
shown to significantly increase up until around 28 days following the second dose of the vaccine, and 
afterwards remain consistently high(181). Fatigue, muscle pain, headache, chills, joint pain, and 
injection-site pain/reaction are common adverse effects caused by the mRNA-1273 vaccine(163, 177), 
while serious adverse effects are often avoided(177, 181). Serious adverse events, including allergic 
reaction and anaphylaxis are rare, but not inconceivable following mRNA-1273 administration(163). 
Table 2 outlines clinical trial and real-world data for vaccine effectiveness.

6.5 Other WHO emergency use listed COVID-19 vaccines
In addition to the five COVID-19 vaccines described previously, five other vaccines have gained 

emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-19 vaccine (Covilo) was 
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developed by the Beijing Bio-Institute of Biological Products, a subsidiary of China National Biotec 
Group, and was given WHO emergency use listing on 7th May 2021(158). This vaccine is a 19nCoV-
CDC-Tan-HB02 strain SARS-CoV-2 antigen that is produced in Vero cells, inactivated by β-
propiolactone, and then purified and absorbed with aluminium hydroxide(182). Next, the CoronaVac 
vaccine, developed by Sinovac Biotech (Beijing, China), was listed for WHO emergency use on 1st June 
2021(158). Like the BBIBP-CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-
adjuvanted, β-propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 
strain(183). Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the WHO On 3rd 
November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-CoV2372), were both 
developed by Novavax (Maryland, United States) and the Coalition for Epidemic Preparedness 
Innovations (Oslo, Norway), and gained emergency use listing on 17st and 21th December 2021, 
respectively(186, 187). Both vaccines are manufactured using the same technology, and consist of a 
recombinant SARS-CoV-2 S protein nanoparticle administered with the adjuvant Matrix-M as a co-
formulation(188). These vaccines produce similar immune responses to those already discussed. 
Studies assessing the efficacy of these vaccines are outlined in table 2. 

6.10 Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, around 

the world, vaccines have been developed, tested, and approved to combat COVID-19. As of 24th 
January 2022, 33 vaccines, including the ten described above, have been approved in at least one 
country(4). The remaining 23 approved vaccines are outlined in table 3.

6.11 Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the effectiveness of 

vaccines (table 2). Simultaneously, waning immunity following vaccination questions how long 
vaccines remain effective and highlights the importance of booster doses. Indeed, protection against 
SARS-CoV-2 following vaccination decreases over time, both in terms of antibody titres(189-191) and 
vaccine effectiveness(192-195). Cellular responses, such as T-cell immunity, may persist for longer 
periods, however(196, 197). With a gradual loss of protection from SARS-CoV-2 following COVID-19 
vaccination, many countries are now rolling out booster programmes with the aim of raising levels of 
immunity. 

Since booster programmes began, evidence that a booster vaccine dose enhances antibody 
and cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody titres 
increase significantly(198-201) and, in some cases, to higher levels than after the primary two 
doses(198). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(199, 202, 203). T-cell response is also enhanced 
following a third dose(200, 204, 205). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen. 

The antibody and cellular responses observed following booster vaccinations have been found 
to correlate with increased levels of protection against SAR-CoV-2 infection and severe illness. On 30th 
July 2021, Israel was the first country to offer a third dose of BNT162b2 to certain groups. 
Subsequently, several studies have revealed that those who received a third vaccine dose were 
significantly less likely to be infected or have severe disease with SARS-CoV-2 compared to those who 
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received two-doses(206-209). In those aged 60 or older, an observational study demonstrated that 
the rate of severe COVID-19 and death was lower in the boosted group by a factor of 17.9 and 14.7, 
respectively, compared to the non-boosted group(210). Booster doses of COVID-19 vaccine have been 
shown to be effective against infection with Delta(211, 212) and, to a lesser degree, Omicron 
variants(75, 145, 146, 212-214) despite the numerous mutations harboured by these variants. Overall, 
increasing evidence is pointing towards the benefits of booster doses of COVID-19 vaccines, therefore 
it is expected that booster programmes will continue to roll out across the globe. Based on current 
evidence, the CDC recommend that the time interval for receiving a booster following the primary 
regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for Moderna 
mRNA-1273 primary regimen, and two months for Johnson & Johnson Ad26.COV2.S primary 
regimen(215). As the pandemic progresses and new variants emerge, variant-specific vaccines may 
require development, with pre-clinical studies demonstrating their efficacy(216) and pharmaceutical 
companies, such as Pfizer, advancing in variant-specific vaccine development(146). Policy makers 
should also consider when vaccine boosters will be given in the future and who will receive booster 
doses in the long-term. 

7. Emerging Treatments 
As more is learnt about the virus, the therapeutic strategy against COVID-19 develops. There 

are currently over two thousand ongoing trials assessing certain treatment strategies for COVID-
19(217). Recently, antivirals including molnupiravir (Lagevrio) and nirmatrelvir/ritonavir (Paxlovid) 
have been approved in the UK(218, 219), US(220, 221), and Europe(222, 223) for treating COVID-19 
in certain risk groups. Similarly, sotrovimab (Xevudy), a monoclonal antibody treatment, has recently 
been approved for use in treating certain COVID-19 patients in the UK(224), US(225), and Europe(226). 
These drugs have been shown to be effective at preventing poor clinical outcomes, including death, 
in those vulnerable to severe COVID-19 infection. Other drug treatments, such as janus kinase 
inhibitors, corticosteroids, and anti-inflammatories have contrasting evidence to support their use, 
and therefore, the use of specific drugs is either recommended for or against by certain treatment 
and management guidelines, which are discussed below. 

8. Guidelines
The treatment and management of COVID-19 is a continually evolving topic, however, health 

authorities have published and continue to update guidelines and recommendations for treating 
COVID-19. The WHO living guideline on COVID-19 and therapeutics is regularly updated, with the 
latest version, published on 14th January 2022 containing 14 recommendations on COVID-19 
treatment(227). In the UK, the National Institute for Health and Care Excellence (NICE)(228) and 
Medicines and Healthcare products Regulatory Agency (MHRA)(229) provide updated guidelines on 
COVID-19 treatment, while in Europe, the ECDC regularly publishes several guidelines providing 
recommendations on a range of COVID-19 related topics(230). In the US, the National Institutes of 
Health (NIH)(231) and the CDC(232) provide guidance on COVID-19 treatment and management, with 
the CDC supplying guidelines for specific groups including, employers, schools, health departments, 
and governments. 

9. Considerations for the future
Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of nature 

and it is, therefore, important that we learn from past pandemics to prepare for future ones. Firstly, 
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the COVID-19 pandemic has highlighted and amplified the existing inequalities within society(233), 
with non-white ethnicity, social disadvantage, and unemployment all risk factors for testing positive 
for COVID-19(234) and those most economically deprived found to be particularly vulnerable(235). 
These inequalities require addressing to be better prepared for similar situations in the future. Next, 
to progress through a pandemic we should be racing the pathogen, not each other. This statement 
becomes apparent when you consider the problems countries faced when seeking out PPE(236), and 
the vaccine inequity seen around the world(237), with developed countries often better placed to be 
able to purchase these items. Initiatives such as the WHO’s COVAX programme are vital to protect 
those most vulnerable and reduce the global spread of disease. In October 2021, the UK government 
released a publication outlining where the policies implemented to reduce the impact of the COVID-
19 pandemic failed, and the lessons learned from these failures (238). Here, it is clear that there is 
room for improvement, with the publication presenting conclusions and recommendations on how to 
enhance pandemic preparedness, lockdown and social distancing measures, testing and contact 
tracing, social care, and vaccines. In countries such as the UK, US, and much of Europe, where the 
COVID-19 death rate has been high, steps need to be taken and lessons need to be learnt in order to 
be better prepared for the next pandemic. The responsibility of improving pandemic response lies 
with policy makers, the medical/scientific community, and the public, and will ultimately require a 
collaborative approach.

Certain aspects of the response to the COVID-19 pandemic have been a triumph, however. 
One of the major victories was the rapid development and rollout of vaccines(239), which continue to 
be effective. The rollout of rapid testing and quarantine for positive cases was also important to at 
least disrupt the spread of the virus, especially given that asymptomatic individuals can contribute to 
the spread. Furthermore, the swift identification and sharing of knowledge of SARS-CoV-2 variants 
between countries should be applauded. Lessons can be learned from countries where COVID-19 was 
controlled. In Taiwan, managing the pandemic as directed by pre-COVID-19 pandemic plans prompted 
an immediate response; screening of all airline passengers arriving from Wuhan and high risk areas, 
restricting entry for non-Taiwanese citizens, 14-day quarantine period for contacts of confirmed cases 
or returning travellers, a ban on large gatherings, and widespread mask wearing were some of the 
quickly implemented management strategies(240). New Zealand implemented similarly effective 
restrictions, with the addition of a national lockdown(240). Many of the pandemic control components 
that kept case and death numbers low in Taiwan and New Zealand could be adopted by other 
countries in the future and may lead to greater outcomes in terms of protecting both health of 
individuals and the health and wellbeing of the country. Overall, there is much to be learnt from the 
COVID-19 pandemic and, as we emerge from it, inspection of which policies failed, and which 
succeeded are imperative.  

10. Conclusion
COVID-19 remains prevalent and life-threatening. Although rollout of vaccines has been 

successful, we must aim to address unmet goals, such as attaining a high global vaccination coverage 
and ensuring that all healthcare systems have the capacity to cope with seasonal waves. With Omicron 
highly prevalent, we must continue to learn, develop therapeutics, and remain vigilant to new VOCs. 
Here, we have provided an overview of the virology of SARS-CoV-2, including the mutations harboured 
by variants of the virus and how these mutations effect its transmissibility and virulence. Lastly, we 
discussed the vaccines that have been developed and administered around the world and provided 
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evidence supporting the rollout of booster doses. Future priorities should focus on continuing 
vaccination programmes and developing variant-specific vaccines as new mutations emerge. This, 
along with the expansion of our knowledge of SARS-CoV-2 and which therapies are most successful to 
treat infections with it will ultimately lead to favourable outcomes moving forward.  

Research Questions
1) How will the SARS-CoV-2 virus mutate in the future, and which mutations will give a 

competitive advantage that will allow the virus to inflict disease to many people?
2) How do we keep up with the rapidly changing SARS-CoV-2 environment and ensure that 

vaccines remain effective?  
3) How do we manage the booster programme and when will future booster vaccinations be 

required in order to maintain high levels of immunity? 
4) How can we learn from the current and past pandemics so that we are better prepared for 

the next one? 

Patient Involvement: Patients who had been infected with covid-19 were contacted and requested to 
review the initial drafts of this manuscript. The received feedback was mostly positive and assisted in 
developing and focusing our review. Final drafts were also reviewed by patients who had had covid-
19 and similar positive feedback was received.

Contributorship statement and guarantor: MY and HC performed the literature search and drafted 
the manuscript. HC revised and finalised the manuscript. JS reviewed and revised the manuscript. PE 
was responsible for the concept and design of the work. PE reviewed, revised, and finalised the 
manuscript. PE is the guarantor. 

Competing interests: We have read and understood the BMJ policy on declaration of interests and 
declare the following interests: PE was funded by the Medical Research Council and now by Higher 
Education Funding Council for England (HEFCE). He has also received grants from Alzheimer’s 
Research, UK, Alzheimer’s Drug Discovery Foundation, Alzheimer’s Society, UK, Medical Research 
Council, Alzheimer’s Association US, Van-Geest foundation, and European Union grants. PE is a 
consultant to Roche, Pfizer, and Novo Nordisk. He has received educational and research grants from 
GE Healthcare, Novo Nordisk, Piramal Life Science/Life Molecular Imaging, Avid Radiopharmaceuticals 
and Eli Lilly. He is a member of the Scientific Advisory Board at Novo Nordisk. None of these were 
related to COVID-19

Copyright statement: The Corresponding Author has the right to grant on behalf of all authors and 
does grant on behalf of all authors, an exclusive licence (or non-exclusive for government employees) 
on a worldwide basis to the BMJ Publishing Group Ltd to permit this article (if accepted) to be 
published in BMJ editions and any other BMJPGL products and sub-licenses such use and exploit all 
subsidiary rights, as set out in our licence (bmj.com/advice/copyright.shtml).”

Figure Legends: 

Figure 1: Genome and structure of SARS-CoV-2. A) SARS-CoV-2 genome and S protein amino acid 
composition. The SARS-CoV-2 genome is approximately 30,000 base pairs (bp) long and consists of 
open reading frames (ORF) and elements that are essential for the virus’ structure. The spike S 
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protein is responsible for binding and entry into host cells. SARS-CoV-2 variants of concern (VOC) 
contain various S protein non-synonymous mutations that result in amino acid changes in the 
receptor binding domain (orange text) and the S1/S2 subunit interface (black text) which have been 
demonstrated to enhance transmissibility of the virus. VOC include Alpha (α), Beta (β), Gamma (γ), 
and Delta (δ). B) SARS-CoV-2 structure. SARS-CoV-2 is a RNA virus that has a crown-like appearance 
and contains four major structural proteins: nucleocapsid (N), spike (S), envelope (E), and membrane 
(M). C) S and ACE2 interaction. The SARS-CoV-2 S protein directly interacts with human angiotensin-
converting enzyme 2 (ACE2) receptors in order to gain entry into host cells. The receptor binding 
domain (RBD) of the S protein tightly binds to ACE2. D) Spike protein structure. The S protein 
protrudes out from the main SARS-CoV-2 bulk and is comprised of two subunits: S1 and S2. S1 
contains the RBD which directly interacts with the human ACE2 receptor, while the S1/S2 interface 
contains a furin cleavage site which is cleaved to allow S2 to fuse with the host cell membrane. Both 
the RBD and the S1/S2 interface contain transmissibility increasing mutations that are harboured in 
variants of concern. 

Figure 2: Viral entry and host response. A) At the alveolar epithelial cell layer. Epithelial cells in the 
lungs express both angiotensin-converting enzyme 2 (ACE2) receptors and transmembrane protease 
serine 2 (TMPRSS2), allowing for infection by SARS-CoV-2. Replication of the virus within these cells 
induces an intense immune response that attracts monocytes, T-cells and macrophages and, in some 
cases, can result in a cytokine storm. B) Within nearby blood vessels. Cytokines produced by the 
epithelial cell layer are released into blood vessels supplying the infected tissue, which causes the 
recruitment of further immune cells to the area, driving the damaging inflammatory response 
further. Circulating cytokines also create a systemic inflammatory environment. C) Adaptive 
immune response. Circulating lymphocytes carry viral antigens to lymph nodes and bone marrow to 
begin the adaptive immune system processes whereby B-cells, and later antibodies, are activated. D) 
SARS-CoV2 host replication. The SARS-CoV-2 virus utilises the ACE2 receptor and TMPRSS2 to gain 
entry into human cells. Following release of the viral RNA within the host cell, the virus utilises the 
host endoplasmic reticulum (ER) and Golgi apparatus to produce and manufacture new viral 
particles, which are released out of the cell to infect other cells and new hosts. 

Table 1: SARS-CoV-2 variants and their S protein mutations. *first detection worldwide. 
Information correct as of 24th January 2022.

Table 2: Vaccine effectiveness of vaccines that have gained WHO emergency use listing. *Adjusted 
for covariates when reported by study, dates are reported in dd/mm/yyyy format. Vaccine 
effectiveness days/months refers to days/months since vaccination dose. Information correct as of 
reported conclusion date of each study. 

Table 3: COVID-19 vaccines approved in at least one country. Information correct as of 24th 
January 2022.
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Response to Reviewers - COVID-19: Virology, variants, and vaccines

We would like to thank the editor and reviewers for their insightful and useful comments on our review. 
We have addressed the comments within the article and outlined the changes we have made below. We 
believe these alterations and changes have significantly improved the review as a result. The reviewer’s 
comments are preceded by “Comment” and our response is preceded by “Response”. Where possible, we 
have included the in-text amendments after each response in italics. Any changes or additions to the text 
are also highlighted in the manuscript.

Editors’ comments:

Comment

1. Please provide a document labelled ‘response to reviewers’ which gives a point-by-point response 
to both the referees comments and those of the editors.

Response 

Thank you. This document provides a point-by-point response of both the editors and 
reviewers comments. 

Comment

2. Abstract: as the review is not a systematic review and therefore not classed as original Research, 
please remove the structured headings. The abstract should just summarise what the review is 
about in 2-300 words (ie the same as your BMJ review).

Response 

Thank you for the suggestion. We have updated the abstract and removed the structed 
headings. It now reads as following:

“Abstract

As of 25th January 2022, there have been over 349 million confirmed cases of COVID-19, with over 5.59 
million confirmed deaths associated with the SARS-CoV-2 virus. The COVID-19 pandemic has prompted 
an extensive, global effort to study the molecular evolution of the virus and develop vaccines to combat its 
spread. Although rigorous determination of SARS-CoV-2 infectivity remains elusive, due to the continuous 
evolution of the virus, steps have been made to understand its genome, structure, and emerging genetic 
mutations. The SARS-CoV-2 genome is composed of a number of open reading frames (ORFs) and 
structural proteins, including the spike protein, which is essential for entry into host cells. As of the  25th 
January 2022, the WHO reports five variants of concern (VOC) two variants of interest (VOI) and three 
variants under monitoring (VUM). The mutations harboured in these variants confer an increased 
transmissibility, severity of disease, and escape from neutralising antibodies compared to the primary 
strain. The current vaccine strategy, including booster doses, provides protection from severe disease. As 
of 24th January 2022, there are 33 approved vaccines in use in 197 countries. In this review, we discuss 
the genetics, structure and transmission methods of SARS-CoV-2 and its variants, highlighting how 
mutations provide enhanced abilities to spread and inflict disease. We also outline the vaccines currently 
in use around the world, providing evidence for the immunogenicity and effectiveness of each.”

Comment

3. Methods: please include the dates you searched from and to. Due to the additions requested below 
the end search date will be more current. Please provide more detail about the exclusion criteria 
(study design etc).

Response
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We have updated the dates we searched to and from. 
Due to the restrictions on the word count, we have provided some more information on selection 
criteria within the methods section, however, we have also provided a supplementary file describing 
the specific search terms and the inclusion/exclusion criteria that we used.

The methods section now reads as:

“We searched PubMed and Embase databases for COVID-19-related articles published between 1st 
January 2020 and 25th January 2022 and for general coronavirus-related articles published from 1st 
January 2000 onwards. Our search terms included SARS-CoV-2, COVID-19, and specific terms 
including virology, genome, variants, and vaccine. Additional, specific search terms are outlined in 
supplementary file 1. We performed further manual searching for additional articles and data using 
relevant databases, including who.int, gov.uk, and ecdc.europa.eu/en. Due to the rapidly evolving 
nature of the literature involving SARS-CoV-2, we also searched preprint databases including 
MedRxiv and BioRxiv. Due to the various topics addressed here, studies were selected through 
different criteria, details of which can be found in supplementary file 1. Overall, studies were selected 
based on quality and journal reputation, with real-world studies with large sample sizes of greatest 
interest.” 

Comment

4. OMICRON: Please can you include in relevant sections throughout the review what is known about 
the new OMICRON variant, and any other variants of interest.

Response

We have included a section dedicated to the Omicron variant in the variants of concern 
section, while relevant omicron studies have been included and discussed elsewhere, e.g. in 
the waning immunity and boosters section. 

This section now reads as:

“5.1.5 Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 2021 in 
South Africa and Botswana before being detected in multiple countries and classified as a VOC on 
26th November 2021(3). This variant contains over 30 S protein mutations(100), 23 of which have 
been previously identified, including K417N, T478K, E484A, D614G, H655Y, P681H, and N501Y(131). 
15 Omicron mutations are contained within the RBD(17) providing the variant with a significantly 
enhanced binding affinity to the ACE2 receptor(131, 132). In addition, various single mutations 
harboured with the RBD of the Omicron variant impair the effectiveness of neutralising antibodies, 
including K417N, N440K, G446S, E484A, Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. Early 
data from South Africa demonstrated that the proportion of COVID-19 cases caused by the Omicron 
variant rose from 3% in early October, to 98% by early December(133). In late December 2021, 
meanwhile, the doubling time for number of positive Omicron cases was between two and three in 
the UK, US, and much of Europe(134, 135), highlighting the transmissibility of this variant. The 
mutations harboured by Omicron that enhance its binding affinity(131, 132) and ability to escape 
neutralising antibodies(17) likely drove its rapid spread, as did its fast replication rate, which is 
around 70 times faster than the Delta and wild-type strains(136). The reinfection rate of Omicron has 
also been found to be significantly higher than that of previous variants in studies from Scotland(137) 
and South Africa(138). 

The Omicron variant has extensive but incomplete escape from naturally acquired and vaccine-
induced immunity(139, 140). Compared to the Delta variant, Omicron requires around a ten-fold 
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increased antibody titre to be neutralised, following vaccination with either Oxford-AstraZeneca or 
Pfizer/BioNtech vaccines(141). Indeed, blood sera from individuals who had received two doses of the 
Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in neutralising antibody titres 
against the Omicron variant compared to the wild-type strain(142). T-cell responses to Omicron may 
remain intact, however. One preprint study demonstrated that 70-80% of the T-cell response 
targeting the S protein was maintained in those vaccinated or with prior infection, while the 
magnitude of Omicron cross-reactive T-cells was similar to that of both Delta and Beta variants(143). 
Furthermore, data from Pfizer/BioNtech revealed that 80% of the epitopes in the Omicron variant S 
protein that are recognised by CD8+ T-cells were not affected by this variant’s mutations, following 
two-doses of the vaccine(142). T-cell responses induced from vaccine administration or prior infection 
may, therefore, provide some protection from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity than 
previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) was lower 
for Omicron infections compared to non-Omicron SARS-CoV-2 infections(133) while, compared to 
earlier infections associated with the Delta variant, Omicron-infected individuals had a lower risk of 
severe disease (aOR=0.3)(133). In December 2021 in England, Omicron cases were found to induce a 
significantly reduced risk of hospitalisation or presentation for emergency care in comparison to 
Delta cases(144, 145). The decreased disease severity inflicted by Omicron may be due to its reduced 
capacity for replication in lung tissue, which was found to be more than ten times less in lung tissue 
compared to Delta(136). Concordantly, the S protein of the Omicron variant is less efficient at 
cleaving the ACE2 receptor and entering cells of lung organoids(141), while is also less able to cause 
fusion between lung cells compared to Delta(141), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.

Although the Omicron variant appears to manifest in mild disease, high case numbers may 
still result in a large number of hospitalisations and deaths in those vulnerable to the virus. Omicron 
case numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly 
COVID-19 cases were reported in the week ending 25th December 2021, compared to the previous 
week, and the Omicron wave is said to have passed(146). Concerningly, global case numbers 
continue to rise rapidly(147) and many countries will continue to feel the pressure exerted by the 
wave of Omicron infections.”

Comment

5. Vaccination/Waning immunity sections: please update these sections to include any new data on 
efficacy, and the recent data on the efficacy of the different booster jabs.

Response

We have updated these sections with new data. Table 2 has also been updated to include 
new data on vaccine effectiveness.

The waning immunity and boosters section now reads as:  
“6.11 Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the effectiveness of 
vaccines (table 2). Simultaneously, waning immunity following vaccination questions how long 
vaccines remain effective, and highlights the importance of booster doses. Indeed, protection against 
SARS-CoV-2 following vaccination decreases over time, both in terms of antibody titres(188-190) and 
vaccine effectiveness(191-194). Cellular responses, such as T-cell immunity, may persist for longer 
periods, however(195, 196). With a gradual loss of protection from SARS-CoV-2 following COVID-19 
vaccination, many countries are now rolling out booster programmes with the aim of raising levels of 
immunity. 
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Since booster programmes began, evidence that a booster vaccine dose enhances antibody 
and cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody 
titres increase significantly(197-200) and, in some cases, to higher levels than after the primary two 
doses(197). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(198, 201, 202). T-cell response is also enhanced 
following a third dose(199, 203, 204). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen. 

The antibody and cellular responses observed following booster vaccinations have been 
found to correlate with increased levels of protection against SAR-CoV-2 infetion and severe illness. 
On 30th July 2021, Israel was the first country to offer a third dose of BNT162b2 to certain groups. 
Subsequently, several studies have revealed that those who received a third vaccine dose were 
significantly less likely to be infected or have severe disease with SARS-CoV-2 compared to those who 
received two-doses(205-208). In those aged 60 or older, an observational study demonstrated that 
the rate of severe COVID-19 and death was lower in the boosted group by a factor of 17.9 and 14.7, 
respectively, compared to the non-boosted group(209). Booster doses of COVID-19 vaccine have been 
shown to be effective against infection with Delta(210, 211) and, to a lesser degree, Omicron 
variants(141, 142, 145, 211-213) despite the numerous mutations harboured by these variants. 
Overall, increasing evidence is pointing towards the benefits of booster doses of COVID-19 vaccines, 
therefore it is expected that booster programmes will continue to roll out across the globe. Based on 
current evidence, the CDC recommend that the time interval for receiving a booster following the 
primary regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for 
Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson Ad26.COV2.S 
primary regimen(214). As the pandemic progresses and new variants emerge, variant-specific 
vaccines may require development, with pre-clinical studies demonstrating their efficacy(215) and 
pharmaceutical companies, such as Pfizer, advancing in variant-specific vaccine development(142). 
Policy makers should also consider when vaccine boosters will be given in the future and who will 
receive booster doses in the long-term.”

Comment

6. Tables: please update the tables to include any new data.

Response

Thank you, the following sentences outline the updates that have been made to each table. 

Table 1 has been updated to include the current VOC/VUI/VUM, as listed by WHO.

Table 2 has been updated to include new data on vaccine effectiveness.

Table 3 has been updated to include current vaccines that are approved in at least 1 county, 
that are not discussed in the main manuscript text. 

Comment 

7. Please include a section on EMERGING TREATMENTS: Please include a brief section on new 
techniques and advances that are currently being studied, cite the appropriate studies, and say 
when they will report.

Response

Thank you, we have now included this section with some discussion of recently approved 
drugs and those in development:

“7. Emerging Treatments 
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As more is learnt about the virus, the therapeutic strategy against COVID-19 devlops. There 
are currently over two thousand ongoing trials assessing certain treatment strategies for COVID-
19(216). Recently, antivirals including molnupiravir (Lagevrio) and nirmatrelvir/ritonavir (Paxlovid) 
have been approved in the UK(217, 218), US(219, 220), and Europe(221, 222) for treating COVID-19 
in certain risk groups. Similarly, sotrovimab (Xevudy), a monoclonal antibody treatment, has recently 
been approved for use in treating certain COVID-19 patients in the UK(223), US(224), and 
Europe(225). These drugs have been shown to be effective at preventing poor clinical outcomes, 
including death, in those vulnerable to severe COVID-19 infection. Other drug treatments, such as 
janus kinase inhibitors, corticosteroids, and anti-inflammatories have contrasting evidence to support 
their use, and therefore, the use of specific drugs is either recommended for or against by certain 
treatment and management guidelines, which are discussed below.”

Comment

8. GUIDELINES: Please cite any relevant international guidelines and say how they differ, what their 
strengths and weaknesses are, and under what circumstances they are most appropriate. Please 
give preference to the most independent and recently updated guidelines.

Response

Thank you, we have now included this section to outline which treatment guidelines are 
available for COVID-19. 

“8. Guidelines

The treatment and management of COVID-19 is a continually evolving topic, however, health 
authorities have published and continue to update guidelines and recommendations for treating 
COVID-19. The WHO living guildeline on COVID-19 and therapeutics is regularly updated, with the 
latest version, published on 14th January 2022 containing 14 recommendations on COVID-19 
treatment(226). In the UK, the National Institute for Health and Care Excellence (NICE)(227) and 
Medicines and Healthcare products Regulatory Agency (MHRA)(228) provide updated guidelines on 
COVID-19 treatment, while in Europe, the ECDC regularly publishes several guidelines providing 
recommendations on a range of COVID-19 related topics(229). In the US, the National Institutes of 
Health (NIH)(230) and the CDC(231) provide guidance on COVID-19 treatment and management, 
with the CDC supplying guidelines for specific groups including, employers, schools, health 
departments, and governments.”

Reviewer: 1 

Comment

1. In the section "3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19", 
there could be a further briefing of the spectrum of the characteristic symptoms (clinical 
characteristics). It would also benefit by mentioning that the whole of the population would be 
susceptible to COVID-19 although there exist some subgroups more susceptible to develop poorer 
clinical outcomes.

Response

Thank you, we have added to this section to mention the broad spectrum of COVID-19 
symptoms and have mentioned that although everyone is susceptible to covid-19, some 
groups are more susceptible to poorer outcomes:

“The clinical presentation of COVID-19 is non-specific, heterogeneous, and infection can result in a 
wide spectrum of symptoms. Following an incubation period of 4-14 days, symptoms develop ranging 
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from mild to severe disease and, in some cases, can result in death(12). The most common COVID-19 
symptoms include fever, cough, dyspnoea, and fatigue(13, 14), while myalgia, gastrointestinal issues, 
cognitive deficits, and other symptoms are reported. Asymptomatic individuals can also test positive 
for COVID-19(15, 16). Although the entire population is susceptible to COVID-19 infection, some 
subgroups within the general population exist that are more susceptible to developing poorer clinical 
outcomes.”

Comment

2. Also within the same section, the description for the gene loci associated with the risk of severe 
disease could be streamlined a bit since the contents did not seem to be aligned well in the current 
form. There could also be the introduction regarding the polygenetic risk score and the 
comorbidities (e.g., COPD) for predicting the susceptibility to COVID-19.

Response

Thank you for this comment. This section has been shortened in order to keep the focus 
firmly on the main topics of the article. We have also included a short introduction of 
polygenetic risk scores and how they may be used along with comorbidities to infer risk of 
COVID-19:

“The utilisation of polygenetic risk scores (PRS) may be useful in determining an individual’s risk for 
developing severe disease caused by COVID-19(35). A PRS infers a person’s risk of susceptibility to or 
development of a certain disease based on the total number of genomic variations they possess. 
Determining PRS with the inclusion of comorbidities, such as chronic obstructive pulmonary 
disease(36), or other aspects, such as coagulation factors(37), may improve the usefulness of PRS in 
determining a person’s risk of severe COVID-19.”

Comment

3. In the section "4. Virology of SARS-CoV-2", it would be better to summarize the duration that the 
SARS-CoV-2 could survive in the environment (e.g., metal surface, etc.).

Response
Towards the end of section “4. Virology of SARS-CoV-2", which now provides a useful 
description of how long the virus can survive in the environment, which is a contributing 
factor to its transmission: 

“The SARS-CoV-2 virus may survive on surfaces or suspended in air droplets for varying periods of time. 
Indeed, on plastic, stainless steel, and glass surfaces, the half-life of the virus is around 5.3, 4.4, and 
4.2 hours, respectively(7), with no difference seen between SARS-CoV-2 variants(8). Although SARS-
CoV-2 can be detected on inanimate surfaces for hours and days, due to the evaporation of water 
droplets, the viruses’ living environment, the concentration of the virus plummets rapidly(9). Protective 
measures, including using personal protective equipment (PPE), maintaining indoor ventilation, and 
disinfecting hands and surfaces, can effectively limit the spread of SARS-CoV-2(10).” 

Comment
4. Perhaps it would merit if the conformational changes of the S protein that occur after binding with 

the host cell be described.

Response

Thank you. To address this comment, we have added a short description of the S protein 
structure and the conformational changes that occur: 
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“The subunits of the trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion 
stage) conformation(62), with one subunit always in an open conformation to allow for ACE2 
recognition and binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by 
several α-helices(64). From closed to open conformation, the RBD undergoes structural 
rearrangement whereby the globular head region rotates clockwise, which alters is elecropotential 
surface(64). Once positioned, numerous residues within the RBD form either hydrogen bonds or salt 
bridges with residues of the ACE2 receptor, allowing for tight binding(65), while the concave 
structure of the RBD allows for three distinct binding regions(64).”

Comment

5. Not sure why there should be the section "4.1 Other human coronaviruses" which seemed less 
relevant to the topic.

Response

Thank you, we agree that this section was less relevant and did not add much to the overall 
manuscript, therefore, this section has been removed.

Comment

6. In the section "5. Variants of SARS-CoV-2" perhaps it would not be necessary to address the 
abbreviations for VOI and VUM again since this has already been introduced well before.

Response

Thank you, we agree with this comment. As VOC/VOI/VUM have been defined previously in 
the introduction, it is not needed here. This repetition of definitions has been removed from 
section 5.

Comment

7. I am afraid that the authors should contemplate on what the focus of the VOC should be. Basic 
science or clinical themes? Most of the current efforts seemed to focus on the former rather than 
the latter. However, the impact of the variants on the subsequent waves of outbreaks globally 
would seem more important to the epidemiologist and clinicians. This is perhaps most relevant to 
the Delta strain.

Response

This is an important point and we have included the following section to stress the 
importance of the clinical themes, in addition to the basic science in regard to VOCs:
“The current method of identifying variants relies on the use of genomic testing such as whole 
genome sequencing, partial S-gene sequencing, or nucleic acid amplification technique (NAAT)-based 
assays(72). The aspects of different variants that most people experience, however, is the clinical 
symptoms they inflict. Certain variants induce a greater risk of severe disease and death, such as 
Alpha and Delta(73), while others are more likely to induce milder symptoms, such as Omicron(74, 
75). Moreover, individual symptoms can differ between variants. For example, the Gamma variant is 
associated inflicting anosmia and dysgeusia(76), which is less commonly seen in Omicron infections. 
Moving forward, the clinical themes and symptoms associated with emerging variants should be 
elucidated rapidly in order for the public and healthcare professionals to rapidly identify possible 
cases of COVID-19.”

Comment

8. The section "6. Vaccinations" seemed to be a pile-up of the evidence without a clear focus. I am 
afraid that not all identical weight should be given to the different vaccines. Moreover, the most 
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well-proven efficacy, safety, reactogenicity and adverse events should be summarized in a clearer 
way.

Response

We agree that this section had little focus and certain vaccines should have greater weight 
than others. We have attempted to address this by giving the major vaccines the majority of 
the weight and giving each vaccine section a clear structure: i) what the vaccine is ii) 
immunogenicity iii) reactogenicity iv) safety/adverse events v) mention that effectiveness 
can be seen in table 2. To save on words, effectiveness has not been fully outlined in the text, 
instead table 2 outlines studies that give estimations of effectiveness for each vaccine.
This section now reads as:

“6. Vaccinations 
The COVID-19 pandemic prompted a rapid international search for safe and effective 
vaccines against the SARS-CoV-2 virus. In line with previous vaccine development, including 
for both SARS-CoV and MERS-CoV, the S protein was a key target for COVID-19 vaccine 
development(154). As of 24th January 2022, 33 approved vaccines are in use in 197 
countries, with ten vaccines having gained emergency use listing approval from the WHO(4), 
(table 2). As of 25th January 2022 there are 194 vaccines in pre-clinical development and 140 
in clinical development(155). Numerous studies have explored the effectiveness of approved 
vaccines, however, large variations in vaccine effectiveness are reported. This variability is 
likely due to several factors in the studies including, the country, date, and population size of 
the study, as well as the SARS-CoV-2 variants circulating during the study period. These 
factors, along with how the effectiveness is reported, mean that it is difficult to compare 
vaccines and fully understand how effective each vaccine is. Here, we review the COVID-19 
vaccines in use around the world.

6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-

modified mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed 
through a collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, 
Germany)(156, 157). BNT162b2 gained WHO emergency use listing on 31st December 
2020(158) and, as of 24th January 2022, has been approved for use in 136 countries(4). 
Following administration of BNT162b2, a Th1-biased response is observed, with tumour 
necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all elevated 
following vaccination, compared to placebo(159, 160). Highest neutralisation titres are 
found between seven and fourteen days following the second dose(161), while those 
previously infected with COVID-19 showed a four-fold increase in antibody binding and a 18-
fold increase in neutralisation titres compared to previously uninfected individuals following 
two-doses(162). The BNT162b vaccine is well tolerated, with limited reactogenicity. Redness 
and swelling at injection site have been reported, however mild or moderate pain at the 
injection site is the most commonly reported reaction to vaccination(161). Fatigue, muscle 
pain, headache and chills are other commonly reported symptoms following BNT162b2 
administration(163). The rate of systemic reactions after a second dose of BNT162b has been 
found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an immunity-
boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an 
increased risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster 
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infection(166). Although rare, allergic reaction or anaphylaxis has also been reported 
following administration of the BNT162b2 vaccine(163). Table 2 outlines clinical trial and 
real-world data for vaccine effectiveness.

6.2 Oxford-AtraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee 

adenovirus ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed through 
collaboration between the University of Oxford and AstraZeneca (Cambridge, UK), this 
vaccine was given WHO emergency use listing on 16th February 2021(158) and has been 
approved for use in 137 countries, as of 24th January 2022(4). The WHO has granted 
emergency use listing to two versions of this vaccine (AZD1222 and Covishield) in order to 
utilise Covishield as part of their worldwide COVAX initiate, which is being produced by the 
Serum Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Following administration of AZD1222, significant antibody production, predominantly 
of IgG1 and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and 
TNFα, is seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising 
antibody response in 91% of participants, while a second dose resulted in 100% of 
participants producing neutralising antibodies(170). Mild and moderate itch, pain, redness, 
swelling, tenderness, and warmth are common local reactions, while chills, fatigue, fever, 
headache, muscle ache, and nausea are commonly reported systemic reactions following 
AZD1222 administration(170). Rare symptoms, including severe chest pain, nasal bleeding, 
and allergic reaction have been reported following AZD1222 administration(171). Table 2 
outlines clinical trial and real-world data for vaccine effectiveness.

6.3 Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain 

the SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single 
dose(172). This vector was developed from the recombinant human adenovirus type 26 by 
the Janssen pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, 
US)(172) and was listed for WHO emergency use listing on 12th March 2021(158). As of 24th 
January 2022, Ad26.COV.2.S has been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, 
such as IgG, IgM and IgA, and promotes several non-neutralising antibody responses, 
including activation of CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and TNFα(173, 
174). Although neutralising antibody responses induced by Ad26.COV2.S are reduced against 
SARS-CoV-2 variants, non-neutralising antibody and T-cell responses have been found to be 
preserved against VOC(173), while a prior COVID-19 infection significantly increases levels of 
S protein-binding antibodies, antibody-dependent cellular cytotoxicity, and neutralising 
antibodies against VOCs including Beta and Delta(175). Ad26.COV.2.S is safe and well 
tolerated, with a large clinical trial demonstrating that headache, fatigue, and myalgia, are 
the most common systemic reactions, while injection-site pain is the most common local 
reaction following administration(172). Like other vaccines, Ad26.COV.2.S has veen 
associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

6.4 Moderna – mRNA-1273
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The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a 
lipid-nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has 
been prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 
2021(158), and as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, 
and IL-2 expression increased following administration(178-180), while neutralising antibody 
titres have been shown to significantly increase up until around 28 days following the second 
dose of the vaccine, and afterwards remain consistently high(181). Fatigue, muscle pain, 
headache, chills, joint pain, and injection-site pain/reaction are common adverse effects 
caused by the mRNA-1273 vaccine(163, 177), while serious adverse effects are often 
avoided(177, 181). Serious adverse events, including allergic reaction and anaphylaxis are 
rare, but not inconceivable following mRNA-1273 administration(163). Table 2 outlines 
clinical trial and real-world data for vaccine effectiveness.

6.5 Other WHO emergency use listed COVID-19 vaccines
In addition to the five COVID-19 vaccines described previously, five other vaccines 

have gained emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-19 
vaccine (Covilo) was developed by the Beijing Bio-Institute of Biological Products, a 
subsidiary of China National Biotec Group, and was given WHO emergency use listing on 7th 
May 2021(158). This vaccine is a 19nCoV-CDC-Tan-HB02 strain SARS-CoV-2 antigen that is 
produced in Vero cells, inactivated by β-propiolactone, and then purified and absorbed with 
aluminium hydroxide(182). Next, the CoronaVac vaccine, developed by Sinovac Biotech 
(Beijing, China), was listed for WHO emergency use on 1st June 2021(158). Like the BBIBP-
CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-adjuvanted, β-
propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 strain(183). 
Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the 
WHO On 3rd November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-
CoV2372), were both developed by Novavax (Maryland, United States) and the Coalition for 
Epidemic Preparedness Innovations (Oslo, Norway), and gained emergency use listing on 
17st and 21th December 2021, respectively(186, 187). Both vaccines are manufactured using 
the same technology, and consist of a recombinant SARS-CoV-2 S protein nanoparticle 
administered with the adjuvant Matrix-M as a co-formulation(188). These vaccines produce 
similar immune responses to those already discussed. Studies assessing the efficacy of these 
vaccines are outlined in table 2. 

6.10 Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, 

around the world, vaccines have been developed, tested and approved to combat COVID-19. 
As of 24th January 2022, 33 vaccines, including the ten described above, have been 
approved in at least one country(4). The remaining 23 approved vaccines are outlined in 
table 3.”

Comment  

9. Overall, I appreciate the section "6.8 Waning immunity and boosters" but perhaps it would also 
merit if the interval between the 2nd and 3rd vaccine could be outlined.

Response
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Thank you, we have now added the following statement that outlines the recommended 
time interval between the 2nd and 3rd doses:

“Based on current evidence, the CDC recommend that the time interval for receiving a booster 
following the primary regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six 
months for Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson 
Ad26.COV2.S primary regimen(216).”

Reviewer: 2 

Major comments:

Comment

1. Although this is not a systematic review, selecting 227 articles from the enormous covid-19 
literature, especially including bioRxiv and medRxiv, must involve many layers of judgment. It’d be 
important to include more details on this selection than currently-included two sentences.

Response

Thank you for this comment. As mentioned in the editor’s comment 3, we have included 
more detail on the selection criteria that we used in the methods section, and more so in 
the supplementary file. 

Comment 

2. Dating: Tables 1 & 2, either in the table or legends need to clearly mark the data and definitions are 
as of [mm/dd/yyyy], as the authors acknowledged all these variant classification/vaccine data are 
dynamic.

Response

Thank you, the dynamic nature of this topic does require a time stamp like this. In the legend 
of table 1, we have now included that “information is correct as of 24th January 2021”. While 
in table 2, we have added the dates which the studies took place to and from in order to give 
clarity on these data. Similarly we have included the date when information was correct 
from in table 3. 

Comment

3. Large variations in vaccine effectiveness %: could these possibly be explained by the country/study 
date/variants of the publications that were listed? Table 2 made it evident that there were variable 
sample sizes and COVID-19 definition of VE against (and in some cases variants), but it remains 
unclear to the reader why there could be such large variations.

Response

We agree that the large variations in vaccine effectiveness reported by studies are confusing 
and required clarification. We have explained in section 5 why these variations may occur:
“Numerous studies have explored the effectiveness of approved vaccines, however, large 
variations in vaccine effectiveness are reported. This variability is likely due to several factors 
in the studies including, the country, date, and population size of the study, as well as the 
SARS-CoV-2 variants circulating during the study period. These factors, along with how the 
effectiveness is reported, mean that it is difficult to compare vaccines and fully understand 
how effective each vaccine is. Here, we review the COVID-19 vaccines in use around the 
world.”
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Comment

4. Considerations for the future: The reviewer feels this is the weakest part of the review manuscript, 
making only vague/broad statements, not considering examples where covid-19 was controlled (ex. 
Taiwan, New Zealand). Even in countries with fluctuations, some key approaches have worked but 
are not discussed here. Ex. The rollout of rapid-testing and quarantine of positive cases, especially 
given asymptomatic individuals can also spread infections.) This part needs to be largely improved 
upon or toned down in the abstract.  

Response

Thank you, we agree with this comment and therefore have re-written this section to include 
two main parts; what went wrong, and what went right when attempting to control COVID-
19:

“9. Considerations for the future

Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of nature 
and it is, therefore, important that we learn from past pandemics to prepare for future ones. Firstly, 
the COVID-19 pandemic has highlighted and amplified the existing inequalities within society(234), 
with non-white ethnicity, social disadvantage, and unemployment all risk factors for testing positive 
for COVID-19(235) and those most economically deprived found to be particularly vulnerable(236). 
These inequalities require addressing in order to be better prepared for similar situations in the 
future. Next, to progress through a pandemic we should be racing the pathogen, not each other. This 
statement becomes apparent when you consider the problems countries faced when seeking out 
PPE(237), and the vaccine inequity seen around the world(238), with developed countries often 
better placed to be able to purchase these items. Initiatives such as the WHO’s COVAX programme 
are vital in order to protect those most vulnerable and reduce the global spread of disease. In 
October 2021, the UK government released a publication outlining where the policies implemented to 
reduce the impact of the COVID-19 pandemic failed, and the lessons learned from these failures 
(239). Here, it is clear that there is room for improvement, with the publication presenting 
conclusions and recommendations on how to enhance pandemic preparedness, lockdown and social 
distancing measures, testing and contact tracing, social care, and vaccines. In countries such as the 
UK, US, and much of Europe, where the COVID-19 death rate has been high, steps need to be taken 
and lessons need to be learnt in order to be better prepared for the next pandemic. The responsibility 
of improving pandemic response lies with policy makers, the medical/scientific community, and the 
public, and will ultimately require a collaborative approach.

Certain aspects of the response to the COVID-19 pandemic have been a triumph, however. 
One of the major victories was the rapid development and rollout of vaccines(240), which continue to 
be effective. The rollout of rapid testing and quarantine for positive cases was also important to at 
least disrupt the spread of the virus, especially given that asymptomatic individuals can contribute to 
the spread. Furthermore, the swift identification and sharing of knowledge of SARS-CoV-2 variants 
between countries should be applauded. Lessons can be learned from countries where COVID-19 was 
controlled. In Taiwan, managing the pandemic as directed by pre-COVID-19 pandemic plans 
prompted an immediate response; screening of all airline passengers arriving from Wuhan and high 
risk areas, restricting entry for non-Taiwanese citizens, 14-day quarantine period for contacts of 
confirmed cases or returning travellers, a ban on large gatherings, and widespread mask wearing 
were some of the quickly implemented management strategies(241). New Zealand implemented 
similarly effective restrictions, with the addition of a national lockdown(241). Many of the pandemic 
control components that kept case and death numbers low in Taiwan and New Zealand could be 
adopted by other countries in the future and may lead to greater outcomes in terms of protecting 
both health of individuals and the health and wellbeing of the country. Overall, there is much to be 
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learnt from the COVID-19 pandemic and, as we emerge from it, inspection of which policies failed, 
and which succeeded are imperative.”

Minor comments:

Comment

1. Table 1 is a great summary of variants, if journal format allows, color-coding the mutations could 
allow people to quickly digest which variants share which mutations.

Response

Thank you, we agree that colour coding the mutations shared by different variants make it 
clearer to quickly digest the information, so have colour coded the mutations accordingly.  

Comment

2. Figure 1, the texts in the figures (ex. D614G, ORF6, variant designations) could be enlarged

Response

Thank you, the text in figure 1 has been enlarged to make for easier reading.

Reviewer: 3 

Comment

1. This review was not written in the systematic review format, which authors can use the statistical 
method to measurement the significant different between virology variant and vaccine aspects.

Response

Thank you for this comment. As this is not a systematic review in the strictest sense, we 
believe that this is difficult. We have aimed to explore the relationships between vaccines 
and circulating variants where possible, for example, where vaccine effectiveness against 
certain variants is stated in articles, we include it in table 2, while the dates that studies took 
place from and to are included and can be correlated with circulating variants.    

Comment

2. The criteria of choosing and exclude scientific data / paper need to be explained to eliminated the 
potential bias.

Response

Thank you, as mentioned in previous responses, we have updated the methods section and 
included a supplementary file to explain our search and inclusion criteria.

Comment 

3. Since, the severity of diseases did not depend on only viral genetic, host, and immune status, as 
well as significant risk factors, but also depend on medical treatment and duration of onset in each 
data set which are important confounding factors. 

Response
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Indeed, duration of disease and the treatment patients receive are important factors in 
determining the severity of disease patients endure, we have included the following 
statement to cover this: 
“The duration of symptoms endured by COVID-19 patients, as well as the treatment they receive will 
also have profound influences on the severity of disease they experience and both the acute and 
long-term outcomes following recovery.”

Comment

4. Most of review data are not suitable for publication in the modern scientific format but can be re-
written with additional level of evidence based medicine. 

Response

We believe that the review is written in a concise and methodical manner with all comments 
supported by published evidence and suitable data.  

Comment

5. The basic knowledge and 3D structure of spike RBD and NTD molecule in each mutation and 
vaccine sequence antibody (MRNA)/ (VIRAL VECTORS) should be reviewed if authors want to 
determine the correlation of vaccine efficacy and variant of SARS-CoV-2. The authors can use the 
essential real world data of vaccine effectiveness to determine the response of vaccine across the 
variant in different time and place of epidemic.

Response

Thank you. Due to the limited word count available, it was not possible to explain the spike 
protein 3D structure changes caused by each mutation, however we have detailed the 
structure of the spike protein and where the mutations are located within the spike. We have 
indicated that mutations within the spike alter its 3D structure and influence immune 
escape:
Section 4:
“The subunits of the trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion 
stage) conformation(62), with one subunit always in an open conformation to allow for ACE2 
recognition and binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by 
several α-helices(64). From closed to open conformation, the RBD undergoes structural 
rearrangement whereby the globular head region rotates clockwise, which alters is elecropotential 
surface(64). Once positioned, numerous residues within the RBD form either hydrogen bonds or salt 
bridges with residues of the ACE2 receptor, allowing for tight binding(65), while the concave 
structure of the RBD allows for three distinct binding regions(64).
 Section 5:
“Many of the mutations observed in SARS-CoV-2 variants are found within the RBD or the N-terminal 
domain of the S protein, which alters the three-dimensional structure of the S protein. Not only can 
these changes affect the transmission abilities of the virus, but can also allow it to better escape the 
immune response, including from neutralising antibodies either elicited through vaccine 
administration or natural infection.” 

Comment

6. The booster dose data should be reviewed in term of antibody response and T cell response.

Response

Thank you, we agree with this and we have now included some discussion of antibody and T-
cell responses following booster dose:
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“Since booster programmes began, evidence that a booster vaccine dose enhances antibody and 
cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody titres 
increase significantly(199-202) and, in some cases, to higher levels than after the primary two 
doses(199). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(200, 203, 204). T-cell response is also enhanced 
following a third dose(201, 205, 206). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen.”

Reviewer: 4 
Comment

1) Introduction
- Line 22 - can you include the difference between VOI and VUM? e.g. in VUM evidence of 

phenotypic or epidemiological effect is currently unclear, and a name has not yet been assigned.

Response

Thank you, we agree that the differences between VOC, VUI and VUM should have been 
defined more clearly to include the difference between each. We have updated this as 
follows:
“The World Health Organisation (WHO) classify SARS-CoV-2 variants that increase transmissibility, 
disease severity or virulence, or decrease the effectiveness of public health measures, diagnostics, 
therapeutics or vaccines as variants of concern (VOC). Variants with genetic changes that are 
predicted to enhance the virulence and transmissibility of the virus which have been identified to 
cause community transmission in multiple countries posing a possible risk to global public health are 
defined as variants of interest (VOI). Lastly, the WHO defines variants with genetic changes that are 
suspected to affect virus characteristics and have currently unclear phenotypic or epidemiological 
effects as variants under monitoring (VUM). VUM are not typically assigned a name until they are 
upgraded to VOI or VOC. The full working definitions of VOC, VOI and VUM can be found on the WHO 
‘tracking SARS-CoV-2 variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-
variants/(3).”

Comment

2) Methods
- Including the specifics of how the searches were done would add clarity (maybe as a supplementary 

file), many of the terms which were searched for are not specific

Response

Thank you, clarity on the search terms and selection criteria was needed. We have included a 
supplementary file which includes the specific search terms that we used as well as the 
selection criteria that was implemented for different sections of the review. 

Comment

3) Transmission
- Line 32 - maybe use "biological material" instead of "biological samples", presumably the virus 

doesn't normally spread via the samples themselves

Response

Thank you, this has been changed from “biological samples” to “biological material” 
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Comment

4) Virology
        Page 6
                line 8 typo - "interacting WITH host cell organelles"
   line 25 - both halves of this sentence are talking about TMPRSS2 but it doesn't sound like it

Response      

Thank you, these errors have been corrected:
“with” has now been inserted into “interacting WITH host cell organelles”.  

The TMPRSS2 sentence has been amended:

“Meanwhile, TMPRSS2, a host cell protease, facilitates fusion of the viral and host cell 
membranes(68), and may play a role in the spread of the virus in the airways(68).”

Comment

5) VOC
- You frequently refer to an increase in these variants, and state or imply that this is relative to the 

wild-type. Can you include a section at the start of 5 where you specify what that wild-type is? Is it 
clear that samples from a particular time period or geographic area are wild-type?

Response

Thank you. We agree that simply using ‘wild-type’ to discuss a SARS-CoV-2 strain is 
confusing. Firstly, we have changed this wording to refer to the initial strain that emerged 
from Wuhan as the ‘primary strain, and have described what is meant by that at the end of 
section 5: 
“Herein, we report studies that compare SARS-CoV-2 variants to the ‘primary’ virus strain. ‘Primary 
strain’ refers to the strain of the virus that first emerged in Wuhan, China at the end of 2019 and 
spread around the world in the first wave of infections, which is often also referred to as the Wuhan-
Hu-1, B.1, or wild-type strain.”  

Comment 

6) VOC - Alpha
        line 22 typo "probable" not "probably"

        line 48 typo "de-escalated"

Response

Thank you for highlighting these errors. 
 Due to re-wording of this section, “probably” has now been removed, while “de-escalated” 
 has been amended. 

Comment

7) 5.1.4 VOC – Delta
- p10 48 Transmissibility of Delta is 97% greater, or three times Alpha, Beta and Gamma?
- p10 54 Isn't replication rate a factor in transmissibility rather than an addition to it?
- p11 line 27 - when you talk about younger people, can you specify which age cutoff you are talking 

about?

Response
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Thank you for identifying this. 

The transmissibility sentence was worded poorly in the original manuscript, this has been 
amended to explain exactly what is meant:
“It was estimated that the reproduction number of the Delta variant is 97% greater than non-
VOC/VOI and approximately three times that of the Alpha, Beta, and Gamma variants(110),”

We agree that replication rate is a factor in transmissibility, therefore we have amended this 
sentence:
“The fast replication rate of Delta likely contributes to its increased transmissibility compared to 
Alpha, Beta, and Gamma.”

We also agree that it was unclear what “younger people” meant, we have amended the 
statement as follows:
“Lastly, a study in India found that the risk of death was around 1.8 times higher for Delta infections, 
while Delta also infected and induced symptoms in a greater proportion of younger people (0-19 
years old), compared to the primary strain(131).”

Comment

8) Vaccination 6.1 Pfizer
        line 15 - typo repeating "elicit a strong"

6.3 Johnson and Johnson
- Line 9 a bit unclear, is the point that there is a time lag of around 28 days before peak 

effectiveness? After second dose? And compared with how many days?

6.6 Sinovac
 Line 6 - typo "alike" should be "like"

6.8 Boosters   
               Line 56 typo "On 30th July 2021" appears twice

Response

Thank you. 
Repetition of “elicit a strong” has been corrected. 
Due to re-wording of the manuscript, the statement commenting on the time lag of around 
28 days before peak effectiveness has been removed. 
“like” now replaces “alike” within the Sinovac section.
The second appearance of “On 30th July 2021” has been removed.

Comment 

8 Conclusions

- Line 23 "Yet to be eradicated" - this is absolutely true; but this is unlikely to happen for decades if 
ever, and there are other more immediate unmet goals it might be better to mention, such as 
attaining high vaccination coverage globally, ensuring all health systems have the capacity to cope 
with seasonal waves.

Response

Thank you, we agree that “yet to be eradicated” is possibly a misleading statement. We have 
amended this part of the conclusion as follows:
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“Although rollout of vaccines has been successful, we must aim to address unmet goals, such as 
attaining a high global vaccination coverage and ensuring that all healthcare systems have the 
capacity to cope with seasonal waves.”
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Figure 1: Genome and structure of SARS-CoV-2. 

210x297mm (300 x 300 DPI) 
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Figure 2: Viral entry and host response. 

153x135mm (300 x 300 DPI) 
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Variants of concern 

WHO nomenclature or designation Pango Lineage  S protein mutations of interest First detected samples *  

Alpha  B.1.1.7 N501Y            D614G            P681H UK, Sept 2020 

Beta  B.1.351 N501Y            D614G            E484K             K417N           A701V South Africa, May 2020 

Gamma  P.1 N501Y            D614G            E484K             K417T            H655Y Brazil, Nov 2020 

Delta  B.1.617.2 L452R             D614G            P681R            T478K              India, Oct 2020 

Omicron  B.1.1.529 N501Y            D614G            E484A             P681H           K417N            H655Y 
A67V              Δ69-70            T95I                G142D           Δ143-145      N211I 
Δ212              ins215EPE       G339D            S371L            S373P            S375F 
N440K           G446S              S477N             T478K           Q493R           G496S 
Q498R           Y505H              T547K             N679K           N764K           D796Y 
N856K           Q954H             N969K             L981F 
 

South Africa and Botswana, Nov 2021 

Variants of Interest 

WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples * 

Lambda  C.37 L452Q            D614G            F490S             Peru, Dec 2020 

Mu B.1.621 N501Y            D614G            P681H           R346K             E484K             Columbia, Jan 2021 

Variants under monitoring 

Pango Lineage  S protein mutations of interest First detected samples * 

B.1.1.318 D614G           P681H              E484K Multiple countries, Jan 2021 

C.1.2 N501Y            D614G             E484K            H655Y            N679K            Y449H South Africa, May 2021 

B.1.640 N501Y            D614G             P681H            F490R            N394S            R346S 
Y449N            137−145del 

Multiple countries, Sep 2021 
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Vaccine and 
vaccine type 

Recommended 
dose and 

administration 

Study 
ref. 

Study type Study date 
and 

location(s) 

N Vaccine effectiveness % (95% confidence interval) * 

Against One dose Two doses 

Pfizer/BioNtech 
(BNT162b2) – 

mRNA. 

Two doses (30μg, 
0.3ml each) 

intramuscularly 
(deltoid) with a 
recommended 

interval of 21-28 
days between 

doses. 

(156) Randomised 
controlled 

trial 

27/7/2020 to 
14/11/2020  

US, Argentina, 
Brazil, South 

Africa, 
Germany, and 

Turkey. 

37,706 Symptomatic infection  95% (90.3−97.6%) 

(241) Observational 20/12/2020 to 
1/2/2021 

Israel. 

1,193,2
36  

Documented infection 46% (40-51%) 92% (88-95%) 

Symptomatic infection 57% (50-63%) 94% (87-98%) 

Hospitalisation 74% (56-86%) 87% (55-100%) 

Severe disease 62% (39-80%) 92% (75-100%) 

(242) Test-negative 
case-control 

26/10/2020 to 
16/5/2021 

UK. 

19,109 Infection with Alpha  47.5% (41.6–52.8%) 93.7% (91.6–95.3%) 

Infection with Delta  35.6% (22.7–46.4%) 88.0% (85.3–90.1%) 

(243) Test-negative  
case-control 

1/2/2021 to 
31/3/2021 

Qatar. 

213,758 Infection with Beta   75.0% (70.5-78.9%) 

Infection with Alpha or Beta   97.4% (92.2-99.5%) 

(244) Test-negative  
case-control 

14/12/2020 to 
19/4/2021 

Canada. 

324,033  
Symptomatic infection 

14-20 days: 48% (41-54%)  
≥7 days: 91% (89-93%) ≥14 days: 60% (57-64%) 

35-41 days: 71% (63-78%) 

 
Hospital admission or death 

14-20 days: 62% (44-75%)  
≥7 days: 98% (88-100%) ≥14 days: 70% (60-77%) 

≥35 days: 91% (73-97%) 

[NOTE: Participants in this study received an mRNA vaccine (either BNT162b2 or mRNA-1273)] 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection - Alpha  ≥14 days: 66% (95% CI: 64-68%) ≥7 days: 89% (86–91%) 

Symptomatic infection - Beta or Gamma 
variants 

≥14 days: 60% (52-67%) ≥7 days: 84% (69–92%) 

Symptomatic infection - Delta  ≥14 days: 56% (45-64%) ≥7 days: 87% (64–95%) 

Against hospitalisation or death - Alpha  ≥14 days: 80% (78-82%) ≥7 days: 95% (92-97%)  

Against hospitalisation or death - Beta or 
Gamma  

≥14 days: 77% (69-83%)  ≥7 days: 95% (81-99%)  

Against hospitalisation or death - Delta  ≥14 days: 78% (65-86%)  

(246) Retrospective 
case-control  

January to July 
2021 
US. 

119,463 Infection   ≥14 days: 86% (81-90.6%) 

Hospitalisation   ≥14 days: 85% (73-93%) 

Admission to an ICU   ≥14 days: 87% (46-98.6%) 

(133) Test-negative  
observational 

1/4/2021 to 
6/6/2021 
Scotland. 

400,827 Infection - Alpha   92% (90–93%) 

Infection - Delta   79% (75-82%) 

(247) 14,019 Hospitalisation - Alpha  83% (62-93%) 95% (78-99%) 
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Test-negative 
case-control 

12/4/2021 to 
4/6/2021 
England. 

Hospitalisation - Delta  94% (46-99%) 96% (86-99%) 

(248) Test-negative 
case-control 

8/12/2020 to 
19/2/2021. 

England. 

156,930  
Infection 

 10-13 days: 70% (59-78%) 

 ≥14 days: 89% (85-93%) 

 28-34 days: 61% (51-69%) 

(249) Test-negative 
case-control 

4/4/2021 to 
1/5/2021 
Canada. 

16,993  
Infection  

0-13 days: 14% (0-26%)  

14-20 days: 43% (30-53%)  

35-41 days: 75% (63-83%)  

Infection   ≥21 days: 65% (58-71%) 

Infection - non-VOC  72% (58-81%) 

Infection - Alpha   67% (57-75%) 

Infection - Gamma   61% (45-72%) 

(250) Test-negative 
case-control 

17/1/2021 to 
5/6/2021 
Canada. 

5,8476 Infection ≥14 days: 70.3% (68.1-72.4%) ≥7 days: 85.5% (80.4-89.3%) 

(251) Case-control 14/2/2021 to 
3/5/2021 
France. 

67,760 Infection   ≥7 days: 88% (81-92%) 

Infection - Alpha   ≥7 days: 86% (81-90%) 

Infection - Beta/Gamma   ≥7 days: 77% (63-86%) 

(252) Test-negative 
case-control 

23/3/2021 to 
7/9/2021 

Qatar. 

1 dose: 
906,078 
2 doses: 
877,354 

Infection – Delta  65.5% (40.9-79.9%) ≥14 days: 59.6% (50.7-66.9%) 

Severe disease or death - Delta  97.3% (84.4-99.5%) 

(192) Test-negative 
case-control 

1/1/2021 to 
5/9/2021 

Qatar. 

1 dose: 
947,035 

 
2 doses:  
907,763  

 

 
 
 
 

Symptomatic infection 

0-13 days: -5.5% (-12.9-1.4%)  

≥14 days: 47.9% (43.6-51.9%)  

1 month: 81.5% (79.9-83.0%)  

2 months: 72.5% (69.6-75.1%)  

3 months: 70.6% (66.4-74.3%)  

4 months: 57.0% (48.6-64.0%)  

5 months: 12.0% (-6.1-27.1%)  

6 months: 12.8% (-9.1-30.3%)  

≥7 months: 27.8% (-1.4-48.7%)  

 
 
 

Hospitalisation and death 
 

0-13 days: 7.5% (−11.9-23.6%)  

≥14 days: 65.0% (55.0-72.8%)  

1 month: 95.9% (93.6-97.3%)  

2 months: 96.3% (92.9-98.0%)  

3 months: 93.4% (87.5-96.5%)  

4 months: 80.8% (56.9-91.4%)  

6 months: 81.8% (18.5-95.9%)  

≥7 months: 44.1% (-86.5-83.3%)  

(253) Prospective 
cohort 

7/12/2020 to 
5/2/2021 

23,324 Infection  ≥21 days: 70% (55-85%) ≥7 days: 85% (74-96%) 
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UK. 

(254) Observational  24/1/2021 to 
3/4/2021 

Israel. 

186,109 Infection   ≥7 days: 95.3% (94.9-95.7%) 

Asymptomatic infection  ≥7 days: 91.5% (90.7-92.2%) 

Symptomatic infection  ≥7 days: 97.0% (96.7-97.2%) 

Hospitalisation   ≥7 days: 97.2% (96.8-97.5%) 

Severe or critical infection   ≥7 days: 97.5% (97.1-97.8%) 

Death  ≥7 days: 96.7% (96.0-97.3%) 

(255) Observational 1/3/2021 to 
1/8/2021 

US. 

10,428,
783 

Infection – Pre-Delta period  ≥14 days: 74.2% (68.9-78.7%) 

Infection – Intermediate period  ≥14 days: 66.5% (58.3-73.1%) 

Infection – Delta   ≥14 days: 52.4% (48.0-56.4%) 

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta  

 14–119 days: 85% (68-93%) 

 120–149 days: 81% (34-95%) 

 ≥150 days: 73% (49-86%) 

Infection – Pre-Delta   91% (81-96%) 

[NOTE only 65% of participants in this study received BNT162b2 (33% received mRNA-1273, and 2% received Ad26.COV2.S] 

(257) Observational 15/1/2021 to 
16/4/2021 

France.  

378 Infection – Beta   ≥7 days: 49% (14-69%) 

Severe disease   ≥7 days: 86% (67-94%) 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection – Alpha  ≥21 days: 59% (52-65%)  

Infection – Delta  ≥21 days: 57% (50-63%)  

Infection – Alpha   0-13 days: 77% (66-84%) 

 ≥14 days: 78% (68-84%) 

Infection – Delta  0-13 days: 82% (75-87%) 

 ≥14 days: 80% (77-83%) 

(259) Observational April to May 
2021. 

Canada 

224 Infection  66.2% (2.3-88.3%) 

Symptomatic infection  25.6% (-157.8-78.5%) 

(260) Retrospective 
cohort  

27/12/2020 to 
24/3/2021  

Italy. 

6,423  
Infection  

0-14 days: 47.3% (24.7-63.1%)  
 

≥7 days: 95.1% (62.4-99.4%) 
14-21 days: 84.1% (39.7-95.8%) 

≥21 days: 85.4% (-35.3-98.4%) 

 
Symptomatic infection 

0-14 days: 39.9% (9.1-60.3%)  
 

≥7 days: 93.7% (50.8-99.2%) 
14-21 days: 83.3% (14.8-96.7%) 

≥21 days: 65.9% (-171-95.7%) 

(261) Randomised 
controlled 

trial 

27//7/2020 to 
29/10/2020 

US, Argentina, 
Brazil, 

South Africa, 
Germany, 

Turkey 

44,165 Infection (without evidence of prior 
infection)  

 ≥7 days: 91.3% (89-93.2%) 

Infection (with evidence of previous 
infection) 

 ≥7 days: 91.1% (88.8-93.0%) 

Infection  <11 days: 18.2% (−26.1-47.3%) <7 days: 91.5% (72.9-98.3%) 

≥11 days to second dose: 91.7% 
(79.6-97.4%) 

≥7 days: 91.2% (88.9-93.0%) 
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 ≥7 days to <2 months: 96.2% 
(93.3-98.1%) 

 ≥2 months to <4 months: 90.1% 
(86.6-92.9%) 

 ≥4 months: 83.7% (74.7-89.9%) 

(262) Retrospective 
cohort 

20/12/2020 to 
25/2/2021  

Israel. 

6,710 Symptomatic Infection 7-21 days: 89% (83-94%) ≥7 days: 97% (94-99%) 

 ≥21 days: 98% (94-100%) 

Asymptomatic Infection 7-21 days: 36% (-51-69%) ≥7 days: 86% (69-93%) 

 ≥21 days: 94% (78-98%) 

(263) Cohort 27/12/2020 to 
28/2/2021 
Sweden. 

805,741 Infection ≥14 days: 42% (14-63%) <7 days: 60% (27-81%) 

 ≥7 days: 86% (72-94%) 

(264) Prospective 
cohort 

27/12/2020 to 
26/5/2021 

Spain. 

28,594 Infection – Nursing home residents  12 days: 20% (19.76-20.3%) 90.89% (90.84-90.95% 

40.28% (40.17-40.39) 

26,238 Infection – Nursing home staff 12 days: 20.27% (19.8-20.73%) 85.02% (84.86-85.17%) 

26.49% (26.25-26.74%) 

61,951  
Infection – Healthcare workers 

12 days: 15.44% (15.19-15.68%)  
94% (93.92-94.1%) 33.8% (33.66-33.92%) 

28,594 Hospital admission - Nursing home 
residents  

12 days: 67.59% (65.29-69.75%)  
95.06% (94.73-95.38%) 46.24% (45.62-46.86%) 

Death - Nursing home residents 12 days: 43.95% (37.87-49.44%)  
96.73% (96.43-96.99) 51.71% (51.17-52.23%) 

(265) Cohort 27/12/2020 to 
11/4/2021 
Denmark. 

864,096 Infection - Prioritised risk groups 0-14 days: -72% (-80- -64%) 0-7 days: 42% (33-50%) 

>14 days to second dose: 7% (-1-
15%) 

> 7 days: 82% (79-84%) 

COVID-19-related hospitalisation - 
Prioritised risk groups 

0-14 days: 54% (44-62%) 0-7 days: 90% (80-95%) 

>14 days to second dose: 35% 
(18-49%) 

>7 days: 93% (89-96%) 

COVID-19-related death - Prioritised risk 
groups 

0-14 days: 76% (68-82%)  
>7 days: 94% (90-96%)  >14 to second dose days: 7% (-

15-25%) 

(266) Case-control 27.1.2021 to 
7/2/2021 

Spain. 

268 Infection 52.6% (95%CI: 1.1-77.3)  

(267) Observational 15/12/2020 to 
3/2/2021 
England. 

170,226 Infection  21-27 days: 55.2% (40.8-66.8%)  

Emergency hospital attendance  21-27 days: 57.8% (30.8-74.5%)  

Hospitalisation 21-27 days: 50.1% (19.9-69.5%)  

(268) Cohort 27/12/2020 to 
10/3/2021 

Spain. 

299,209  
 

Infection (without evidence of prior 
infection) 

0-14 days: 28.9% (26.9-31%)  

15-21 days: 51.9% (50.7-53.1%)  

22-28 days: 62.9% (61.9-64%)  

≥29 days: 81.8% (81.0-82.7%)  

 0-14 days: 9.6% (-6.9-26.8%)  
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Infection (with evidence of prior 

infection) 

15-21 days: 25.5% (15.1-36.6%)  

22-28 days: 34.6% (25.7-44.1%)  

≥29 days: 56.8% (47.1-67.7%)  

(269) Observational 1/12/2020 to 
8/5/2021 

UK. 

383,812 Infection  8-20 days after either dose: 56% (51-61%) 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%) 

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(270) Cohort 19/12/2020 to 
14/3/2021 

Israel. 

9,347 Infection 4-10 days: 28% (-18-57%) ≥11 days: 65% (45-79%) 

≥11 days after first, ≤10 days after second: 55% (32-70%) 

Symptomatic infection 4-10 days: 21% (-32-41%) ≥11 days: 90% (84-94%) 

≥11 days after first, ≤10 days after second: 80% (69-87%) 

(271) Prospective 
cohort 

8/12/2020 to 
15/3/2021 
England. 

10,412 Infection 0-6 days: 36% (-6-62%)  

7-13 days: 17% (-28-46%)  

14-20 days: 4% (-60-43%)  

21-27 days: 8% (-59-47%)  

28-34 days: 56% (19-76%)  

35-48 days: 62% (23-81%)  

≥49 days: 51% (-17-80%)  

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(272) Retrospective 
cohort 

1/1/2021 to 
31/3/2021 

US. 

44,498 Infection >14 days after first, ≤14 days after second: 78.1% (71.1-82%) 

  >14 days: 96.8% (95.3-97.8%) 

(273) Prospective 
cohort 

14/12/2020 to 
10/4/2021 

US. 

3,975 Infection ≥14 days after first, <14 days after second:  80% (60-90%) 

 ≥14 days: 93% (78-98%) 

(274) Randomised 
controlled 

trial 

15/10/2020 to 
12/1/2021 

US. 

2,260 Infection - Adolescents (12-15 years of 
age) - (without evidence of prior 

infection) 

 ≥7 days: 100% (75.3-100%) 

Infection - Adolescents (12-15 years of 
age) - (with or without evidence of prior 

infection) 

 ≥7 days: 100% (78.1-100%) 

(275) Retrospective 
cohort 

19/7/2021 to 
13/11/2021 
South Korea. 

444,313 Infection – Adolescents (16-18 years of 
age) 

≥14 days: 91.1% (89.6-92.5%) ≥14 days: 99.1% (98.5-99.5%) 

(276) Prospective 
cohort 

25/7/2021 to 
4/12/2021 

US. 

243 Infection - Adolescents (12-17 years of 
age) 

 ≥14 days: 92% (79-97%) 

(277) 
 

Retrospective 
longitudinal 

cohort 

21/12/2020 
to  

6/2/2021 
Israel. 

5,439,7
34 first 
dose, 

5,112,5
16 

second 
dose 

Infection 14-20 days: 54.3% (50.6-57.8%) 8-14 days: 89.9% (88.6-91.1%) 

Symptomatic infection 14-20 days: 58.3% (54.7-61.6%) 8-14 days: 93.6% (92.7-94.3%) 

Hospitalisation 14-20 days: 74.5% (69.1-79%) 8-14 days: 93.8% (91.9-95.2%) 

Severe/Critical disease  14-20 days: 77.3% (71.2-82.1%) 8-14 days: 94.4% (92.6-95.8%) 

Death 14-20 days: 71.7% (64.1-77.7%) 8-14 days: 91.3% (87.4-94.0%) 

Infection  15-21 days: 96.8% (96.1-97.4%) 
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Symptomatic infection  15-21 days: 98.1% (97.7-98.5%) 

Hospitalisation  15-21 days: 98% (97.1-98.6%) 

Severe/Critical disease   15-21 days: 98.6% (97.8-99.1%) 

Death  15-21 days: 97.7% (95.9-98.7%) 

Infection  22-28 days: 97.3% (96.7-97.8%) 

Symptomatic infection  22-28 days: 97.9% (97.4-98.3%) 

Hospitalisation  22-28 days: 99% (98.4-99.3%) 

Severe/Critical disease   22-28 days: 99.2% (98.6-99.5%) 

Death  22-28 days: 98.6% (97-99.3%) 

(278) Test-negative 
case-control 

January to 
March 2021 

US. 

1,843  
Infection 

≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%) 

 3-6 days: 81.7% (74.3-86.9%) 

 ≥7 days: 93.5% (86.5-96.9%) 

[NOTE: 76% of case-patients and 78% of controls received BNT162b2, remainder received mRNA-1273] 

(279) Prospective 
cohort 

January to April 
2021 

Spain. 

20,961 Infection  21% (3-36%) 65% (56-73%) 

Symptomatic infection 30% (10-45%) 82% (73-88%) 

Symptomatic infection – 18-59 years old 50% (12-72%) 85% (74-91%) 

Symptomatic infection - ≥60 years old 20% (−7-40%) 76% (55-87%) 

Hospitalisation 65% (25-83%) 94% (60-99%) 

(280) Prospective 
cohort 

8/10/2020 to 
22/2/2021 
Scotland. 

409,588  
 
 

Hospitalisation 

0-6 days: 86% (81-90%)  

7-13 days: 53% (45-59%)  

14-20 days: 69% (62-75%)  

21-27 days: 78% (71-83%)  

28-34 days: 91% (85-94%)  

35-41 days: 78% (69-85%)  

≥42 days: 77% (68-83%)  

(281) Test-negative 
case-control 

27/12/2020 to 
30/6/2021 
Belgium, 
Croatia, 

Czechia, France, 
Greece, Ireland, 

Luxembourg, 
Malta, Portugal, 

Spain. 

1,893 Infection  ≥14 days: 76% (61-86%) ≥14 days: 94% (88-97%) 

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 93.3% (92.2-94.4%) 

Infection - 50-64 years old  ≥14 days: 95.0% (94.0-96.0%) 

Infection - ≤65 years old  ≥14 days: 91.4% (90.0-92.8%) 

Hospitalisation - 18-49 years old  ≥14 days: 96.1% (94.1-97.6%) 

Hospitalisation - 50-64 years old  ≥14 days: 95.6% (94.2-96.7%) 

Hospitalisation - ≤65 years old  ≥14 days: 94.8% (94.0-95.5%) 

(283) 1,222 Hospitalisation 12-18 years old 97% (86-100%) ≥14 days: 94% (90-96%) 
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Test-negative 
case-control 

1/7/2021 to 
25/10/2021 

US. 

ICU admission – 12-18 years old  ≥14 days: 98% (93-99%) 

Life support – 12-18 years old  ≥14 days: 98% (92-100%) 

(284) Test-negative 
case-control 

1/7/2021 to 
9/12/2021 

US. 

283 COVID-19 multisystem inflammatory 
syndrome – 12-18 years old 

 ≥14 days: 92% (77-97%) 

 

Oxford 
University/ 
AstraZeneca 
(AZD1222) - 
Non-replicating 
adenovirus viral 
vector 
(ChAdOx1). 

Two doses (0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 8 to 12 weeks. 

(242) Test-negative 
case-control 

26/10/2020 to 
16/5/2021 

UK. 

19,109 Infection - Alpha 48.7% (45.2–51.9%) 74.5% (68.4–79.4%) 

Infection - Delta 30.0% (24.3–35.3%) 67.0% (61.3–71.8%) 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection - Alpha 64% (60-68%)  

Symptomatic infection – Beta or Gamma 48% (28-63%)  

Symptomatic infection - Delta 67% (44-80%)  

Hospitalisation or death - Alpha 85% (81-88%)  

Hospitalisation or death – Bet or Gamma 83% (66-92%)  

Hospitalisation or death - Delta 88% (60-96%)  

(133) Test-negative  
observational 

1/4/2021 to 
6/6/2021 
Scotland. 

462,755 Infection with Alpha variant   73% (66-78%)  

Infection with Delta variant   60% (53-66%) 

(285) Randomised 
controlled 

trial 

1/10/2020 to 
14/1/2021 

UK. 

8,534 Symptomatic infection – Alpha   70.4% (43.6-84%%) 

Symptomatic infection – non-Alpha  81.5% (67.9-89.4%) 

(286) Randomised 
controlled 

trial 

28/8/2020 to 
5/3/2021 

US. 

32,449 Symptomatic infection   79% 

Severe disease or hospitalisation   100% 

(247) Test-negative 
case-control 

12/4/2021 to 
4/6/2021 
England. 

14,019 Hospitalisation – Alpha  76% (61-85%) 86% (53-96%) 

Hospitalisation – Delta  71% (51-83%) 92% (75-97%) 

(287) Randomised 
controlled 

trial 

23/4/2020 to 
4/11/2020 
UK, Brazil. 

11,636 Infection  62.1% (41.0-75.7%) 

(288) Randomised 
controlled 

trial 

24/6/2020 to 
9/11/2020 

South Africa. 

2,026 Symptomatic infection   21.9% (-49.9-59.8%) 

Symptomatic infection - Beta  10.4% (-76.8-54.8%) 

(248) Test-negative 
case-control 

8/12/2020 to 
19/2/2021. 

England. 

156,930 Symptomatic infection  28-34 days: 60% (41-73%)  

  ≥35 days: 73% (27-90%) 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection - Alpha ≥21 days: 63% (55–69%) 0-13 days: 72% (50-84%) 

 ≥14 days: 79% (56–90%) 

Infection Delta ≥21 days: 46% (35–55%) 0-13 days: 71% (64–77%) 

 ≥14 days: 67% (62–71%) 

(289) Test-negative 
case-control 

1/3/2021 to 
31/5/2021  

India 

720 Infection 49% (17-68%) 54% (27-71%) 

Symptomatic infection  58% (28-75%) 64% (38-78%) 

Moderately severe disease Any dosage >3 weeks ago: 95% (44-100%) 
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(269) Observational 1/12/2020 to 
8/5/2021 

UK. 

383,812 Infection  8-20 days after either dose: 56% (51-61%) 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%) 

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(290) Randomised 
controlled 

trial 

28/8/2020 to 
15/1/2021 

US, Chile, Peru. 

32,451 Symptomatic infection  ≥15 days: 74.0% (65.3-80.5%) 

Severe or critical infection   ≥15 days: 100.0% (71.6-NE%) 

Emergency department visit  ≥15 days: 94.8% (59.0-99.3%) 

Hospitalisation   ≥15 days: 94.2% (53.3-99.3%) 

ICU admission  ≥15 days: 100.0 (−1781.6-NE%) 

(291) Clinical trial 23/6/2020 to 
1/12/2020 

Brazil. 

9433 Infection – B.1.1.33  88.2 (5.4, 98.5) 

Infection – B.1.1.28  72.6% (46.4-86.0%) 

Infection – Zeta  68.7% (54.9-78.3%) 

Infection – Gamma  63.6% (−2.1-87.0%) 

Infection – Undetermined variant  56.6% (28.2-73.8%) 

Hospitalisation – Any variant   95% (61-99%) 

(292) Meta-analysis 23/4/2020 to 
6/12/2020 
UK, Brazil, 

South Africa. 

17,178 Asymptomatic infection  ≥14 days: 22.2% (–9·9-45%) 

Symptomatic infection  ≥14 days: 66.7% (57.4-74%) 

Asymptomatic infection - <6 weeks 
prime-boost interval (standard doses) 

 ≥14 days: –11.8% (–189.5-
56.8%) 

Asymptomatic infection - 6-8 weeks 
prime-boost interval (standard doses) 

 ≥14 days: –74.2% (–330.3-
29.5%) 

Asymptomatic infection – 9-11 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 39.9% (–62.3-77.8%) 

Asymptomatic infection - ≥12 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 22.8% (–63.3-63.5%) 

Symptomatic infection - <6 weeks prime-
boost interval (standard doses) 

 ≥14 days: 55.1% (33-69.9%) 

Symptomatic infection - 6-8 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 59.9% (32-76.4%) 

Symptomatic infection – 9-11 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 63.7% (28-81.7%) 

Symptomatic infection - ≥12 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 81.3% (60.3-91.2%) 

(293) 
 

Cross-
sectional 

observational 

1/5/2021 to 
31/5/2021 

India. 

583 Infection  <14 days: 15% (-68-57%) <14 days: 66% (34-81%) 

≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%) 

Hospitalisation  <14 days: 43% (-68-81%) <14 days: 83% (17-96%) 

≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%) 

ICU admission or death <14 days: 62% (-27-89%) <14 days: 93% (35-99%) 

≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%) 

[NOTE: Participants either received Covaxin or Covishield (AZD1222)] 

(279) 
 

Prospective 
cohort 

January to April 
2021 

Spain. 

20,961 Infection  44% (31-54%)  

Symptomatic infection 50% (37-61%)  

Symptomatic infection – 18-59 years old 50% (34-62%)  
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Symptomatic infection - ≥60 years old 53% (19-72%)  

Hospitalisation 92% (46-99%)  

(294) 
 

Retrospective 
cohort 

1/6/2020 to 
31/5/2021 

India. 

11,405 Infection (with evidence of prior 
infection) 

 ≥14 days: 91.1% (84.1-94.9%) 

Infection (without evidence of prior 
infection) 

 ≥14 days: 31.8% (23.5-39.1%) 

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)] 

(280) Prospective 
cohort 

8/10/2020 to 
22/2/2021 
Scotland 

409,588  
 
 

Hospitalisation 

0-6 days: 72% (66-77%)  

7-13 days: 68% (61-73%)  

14-20 days: 73% (66-79%)  

21-27 days: 81% (72-87%)  

28-34 days: 88% (75-94%)  

35-41 days: 97% (63-100%)  

≥42 days: 59% (–296-96%)  

(295) Cohort 17/1/2021 to 
11/5/2021 

Brazil. 

313,328 Death ≥21 days: 94.4% (93.9-94.8%) ≥21 days: 99.8 (99.6-99.9%) 

Death – 75-79 years old ≥21 days: 88% (85.8-90%)  

Death – 80-89 years old ≥21 days: 96.8% (96.5-97.2%)  

Death - ≥90 years old ≥21 days: 99.2% (99.1-99.4%)  

(296) Retrospective 
cohort 

18/1/2021 to 
30/6/2021 

Brazil. 

60,577,
870 

Infection ≥14 days: 34% (33.2-34.7%) 0-13 days: 56.9% (55.3-58.5%) 

 ≥14 days: 70% (68.6-71.3%) 

Hospitalisation ≥14 days: 52.2% (50.9-53.4%) 0-13 days: 69.6% (67.2-71.8%) 

 ≥14 days: 86.8% (85.2-88.2%) 

ICU admission ≥14 days: 54% (51.8-56%) 0-13 days: 69.2% (65-72.8%) 

 ≥14 days: 88.1% (85.4-90.3%) 

Death ≥14 days: 49.3% (47-51.5%) 0-13 days: 72.1% (69.1-74.9%) 

 ≥14 days: 90.2% (88.3-91.8%) 

 

Johnson & 
Johnson 
(Ad26.COV2.S) - 
Recombinant, 
replication-
incompetent 
adenovirus 
serotype 26 
(Ad26) vector. 

One dose (0.5ml) 
intramuscularly 
(deltoid). 

(172) Randomised 
controlled 

trial  

21/9/2020 to 
22/1/2021 
Argentina, 

Brazil, Chile, 
Colombia, 

Mexico, Peru, 
South Africa, 

US. 

39,321 Moderate to severe-critical infection ≥14 days: 66.9% (59.0-73.4%)  

≥28 days: 66.1% (55.0-74.8%)  

Severe-critical infection ≥14 days: 76.7% (54.6-89.1%)  

≥28 days: 85.4% (54.2-96.9%)  

(297) Test-negative 
case-control 

25/6/2021 to 
30/9/2021 

Brazil. 

11,817 Symptomatic infection  14-27 days: 27.4% (8.7-42.7%)  

≥28 days: 50.9% (35.5-63.0%)  

 
Hospitalisation  

14-27 days: 33.5% (-29.1-69.8%)  

≥28 days: 72.9% (35.1-91.1%)  

Admission to an ICU  14-27 days: 56.0% (-52.8-93.1%)  

≥28 days: 92.5% (54.9-99.6%)  

 14-27 days: 65.2% (-74.7-98.1%)  
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Mechanical ventilation  ≥28 days: 88.7% (17.9-99.5%)  

 
Death 

14-27 days: 48.9% (-92.3-92.5%)  

≥28 days: 90.5% (31.5-99.6%)  

(298) Retrospective 
case-control 

27/2/2021 to 
14/4/2021 

US. 

126,572  
Symptomatic infection  

≥1 day: 50.6% (14.0-74.0%)  

≥8 days: 65.5% (23.3-87.5%)  

≥15 days: 76.7% (30.3-95.3%)  

(299) Test-negative 
case-control 

1/7/2021 to 
31/7/2021 

US. 

1,000 Symptomatic infection 51% (95% CI: -2-76%)  

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta 

14–119 days: 85% (68-93%) 

120–149 days: 81% (34-95%) 

≥150 days: 73% (49-86%) 

Infection – Pre-Delta 91% (81-96%) 

[NOTE: 2% of study participants received Ad26.COV2.S (65% received BNT162b2, and 33% received mRNA-1273)] 

(300) Cohort March to July 
2021 
US. 

1,914,6
70 

Infection  79% (77-80%)  

Hospitalisation  81% (79-84%)  

(301) Retrospective 
cohort 

27/2/2021 to 
22/7/2021 US. 

97,787  
Infection  

≥1 day: 73.6% (65.9-79.9%)  

≥8 days: 72.9% (64.2-79.9%)  

≥15 days: 74.2% (64.9-81.6%)  

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 89% (86.5-91.5%) 

Infection - 50-64 years old  ≥14 days: 86.1% (82.5-89.6%) 

Infection - ≤65 years old  ≥14 days: 80.8% (75.2-86.5%) 

Hospitalisation - 18-49 years old  ≥14 days: 95.7% (91.1-98.3%) 

Hospitalisation - 50-64 years old  ≥14 days: 87.5% (82.4-91.4%) 

Hospitalisation - ≤65 years old  ≥14 days: 85.2% (81.1-88.6%) 

 

Moderna 
(mRNA-1273) - 
mRNA 

Two doses 
(100μg, 0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 28 
days between 
doses. 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection – Alpha ≥14 days: 83% (80-86%) ≥7 days: 92% (86-96%) 

Symptomatic infection – Beta or Gamma ≥14 days: 77% (63-86%)  

Symptomatic infection – Delta ≥14 days: 72% (57-82%)  

Hospitalisation - Alpha ≥14 days: 79% (74-83%) ≥7 days: 94% (89-97%) 

Hospitalisation – Beta or Gamma ≥14 days: 89% (73-95%)  

Hospitalisation - Delta ≥14 days: 96% (72-99%)  

(246) Retrospective 
case-control  

January to July 
2021 
US. 

60,083 Infection   ≥14 days: 86% (81-90.6%) 

Hospitalisation   ≥14 days: 91.6% (81-97%) 

Admission to an ICU   ≥14 days: 93.3% (57-99.8%) 

(250) Test-negative 
case-control 

17/1/2021 to 
5/6/2021 
Canada. 

5,8476 Infection ≥14 days: 68.7% (59.5-75.9%) ≥7 days: 84.1% (34.9-96.1%) 

(252) Test-negative 
case-control 

23/3/2021 to 
7/9/2021 

1 dose: 
490,828  

Infection - Delta ≥14 days: 79.7% (60.8-89.5%) ≥14 days: 86.1% (78.0-91.3%) 
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Qatar. 2 doses: 
409,041 

(255) Observational 1/3/2021 to 
1/8/2021 

US. 

10,428,
783 

Infection – Pre-Delta period   ≥14 days: 74.7% (66.2-81.1%) 

Infection – Intermediate period   ≥14 days: 70.4% (60.1-78.0%) 

Infection – Delta   ≥14 days: 50.6% (45.0-55.7%) 

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta 

 14–119 days: 85% (68-93%) 

 120–149 days: 81% (34-95%) 

 ≥150 days: 73% (49-86%) 

Infection – Pre-Delta  91% (81-96%) 

[NOTE: 33% of study participants received mRNA-1273 (2% received Ad26.COV2.S, and 65% received BNT162b2)] 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection - Delta 75% (64-83%)  

(259) Observational April to May 
2021. 

Canada 

124 Infection   52.5% (26.9-69.1%) 

Symptomatic infection   65.6% (33.8-82.1%) 

Severe infection   78.6% (47.9-91.2%) 

(272) Retrospective 
cohort 

1/1/2021 to 
31/3/2021 

US. 

4,722 Infection >14 days after first, ≤14 days after second: 91.2% (80.6-96.1%) 

  >14 days: 98.6% (90.1-99.8%) 

(273) Prospective 
cohort 

14/12/2020 to 
10/4/2021 

US. 

3,975 Infection ≥14 days after first, <14 days after second:  83% (40-95%) 

 ≥14 days: 82% (20-96%) 

(177) Randomised 
controlled 

trial 

27/7/2020 to 
23/10/2020 

US. 

30,420 Infection  ≥14 days: 94.1% (89.3-96.8%) 

Infection - ≥18 to <65 years of age  ≥14 days: 95.6% (90.6-97.9%) 

Infection - ≥65 years of age  ≥14 days: 86.4% (61.4-95.2%) 

(302) Retrospective 
cohort 

16/7/2021 to 
15/8/2021 

US. 

827 Infection  ≥14 days: 56.6% (42.0-67.5%)  

Symptomatic infection  ≥14 days: 84.2% (56.4-94.3%) 

(303) Retrospective 
cohort 

22/12/2020 to 
2/2/2021 

US. 

4,028 Infection 8-42 days: 77.5% (61.2-87%)  

15-42 days: 95% (86-98.2%)  

(304) 
 

Test negative 
case-control 

28/10/2020 to 
10/5/2021 

Qatar. 

256,037  
 

Infection – Alpha 

0-6 days: 2.4% (0-21.7%) 0-6 days: 98.0% (94.7-99.5%) 

7-13 days: 0.0% (0.0-11.9%) 7-13 days: 99.2% (95.3-100.0%) 

14-20 days: 81.6% (73.1-87.8%)  

21-27 days: 94.4% (89.1-97.5%)  

 
 

Infection - Beta 

0-6 days: 4.2% (0-15.1%) 0-6 days: 94.2% (92.1-95.9%) 

7-13 days: 0.0% (0.0-0.0%) 7-13 days: 96.4% (94.3-97.9%) 

14-20 days: 47.9% (39.5-55.2%)  

21-27 days: 73.7% (67.6-78.8%)  

 
 

Any severe, critical, or fatal infection 

0-6 days: 18.7% (0-44.7%) 0-6 days: 100.0% (93.9-100.0%) 

7-13 days: 0.0% (0.0-10.1%) 7-13 days: 100.0% (86.9-
100.0%) 
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14-20 days: 70.3% (48.9-83.5%)  

21-27 days: 92.1% (78.4-97.9%)  

(305) Retrospective 
cohort 

27/4/2021 to 
6/6/2021 

US. 

1,945 Symptomatic infection - Mesa 
County, US 

(36% fully vaccinated) Crude vaccine effectiveness 78% (71-84%) 

Symptomatic infection - Other Colorado 
counties, US 

(44% fully vaccinated) Crude vaccine effectiveness 89% (88-91%) 

(306) Prospective 
cohort 

18/12/2020 to 
31/03/2021 

US. 

705,756 Infection  87.4% (85.6-89.1% 

Hospitalisation  95.8% (92.5-97.6%) 

Hospital death  97.9% (84.5-99.7% 

(307) Test-negative 
case control 

1/3/2021 to 
27/7/2021 

US. 

8153 
cases 
and 

matche
d 

controls
. 

Infection - Alpha 
 

≥14 days: 90.1 (82.9 to 94.2) ≥14 days: 98.4 (96.9 to 99.1) 
 

Infection – Delta ≥14 days: 77.0% (60.7-86.5%) ≥14 days: 86.7% (84.3-88.7%) 

Infection – Epsilon ≥14 days: 76.3% (48.1-89.1%) ≥14 days: 97.6% (90.2-99.4%) 

Infection – Gamma ≥14 days: 74.2% (43.8-88.1%) ≥14 days: 95.5% (90.9-97.8%) 

Infection – Iota ≥14 days: 88.8% (0.7-98.7%) ≥14 days: 95.7% (81.7-99.0%) 

Infection – Mu ≥14 days: 45.8% (0.0-88.9%) ≥14 days: 90.4% (73.9-96.5%) 

Infection – Other ≥14 days: 84.3% (65.9-92.7%) ≥14 days: 96.4% (91.2-98.5%) 

Infection - Unidentified ≥14 days: 67.6% (57.1-75.6%) ≥14 days: 79.9% (76.9-82.5%) 

(278) Test-negative 
case-control 

January to 
March 2021 

US. 

1,843 Infection ≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%) 

 3-6 days: 81.7% (74.3-86.9%) 

 ≥7 days: 93.5% (86.5-96.9%) 

[NOTE: 24% of case-patients and 22% of controls received mRNA-1273, remainder received BNT162b2] 

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 96.3% (95.4-97.2%) 

Infection - 50-64 years old  ≥14 days: 97.3% (96.4-98.1%) 

Infection - ≤65 years old  ≥14 days: 96.0% (95.1-96.9%) 

Hospitalisation - 18-49 years old  ≥14 days: 96.6% (94.3-98.1%) 

Hospitalisation - 50-64 years old  ≥14 days: 97.3% (95.9-98.2%) 

Hospitalisation - ≤65 years old  ≥14 days: 97.1% (96.5-97.6%) 

(308) Randomised 
controlled 

trial 

27/7/2020 to 
23/10/2020  

US. 

30,415 Asymptomatic infection  63.0% (56.6-68.5%) 

Symptomatic infection  93.2% (91.0-94.8%) 

Severe infection  98.2% (92.8-99.6%) 

Death  100.0% (NE-100.0%) 

 

Sinopharm 
BBIBP-CorV - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3 
weeks between 
doses. 

(309) Test-negative 
case-control 

18/5/2021 to 
20/6/2021 

China. 

366 Infection  13.8% (-60.2-54.8%) 59.0% (16.0-81.6%) 

Moderately severe infection  70.2% (29.6-89.3%) 

[NOTE: 27.5% of study participants were vaccinated with Sinopharm BIBP (61.3% received CoronaVac)] 

(310) Retrospective 
cohort 

May to June 
2021 

China. 

10,813 Infection with Pneumonia – Delta 8.4% (-47.6-64.4%) 69.5% (42.8-96.3%) 

Severe/critical disease -Delta 100% (NA) 100% (NA) 

(311) Retrospective 
cohort 

9/2/2021 to 
30/6/2021 

606,772 Infection  ≥14 days: 15·3 (12·7 to 17·8 ≥14 days: 49·2 (47·9 to 50·4) 

COVID-19 mortality ≥14 days: 45.2% (28.8-57.8%) ≥14 days: 93.9% (90.9-95.9%) 
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Peru. Infection - ≥60 years old ≥14 days: 14.1% (5.2-22.2%) ≥14 days: 54.7% (50.7-58.3%) 

COVID-19 mortality - ≥60 years old ≥14 days: 25.5% (-10.2-49.7%) ≥14 days: 90.6% (83.8-94.5%) 

(312) Randomised 
controlled 

trial 

16/7/2020 to 
20/12/2020  

UAE, Bahrain. 

40,382 Infection  ≥14 days: 73.5% (60.6-82.2%) 

Symptomatic infection  ≥14 days: 78.1% (64.8-86.3%) 

Severe infection   ≥14 days: 100% (NA) 

(313) Retrospective 
cohort 

1/9/2020 to 
1/5/2021 

UAE. 

176,640 Hospitalisation -20% (-28.6-11.8%) 79.8% (78-81.4%) 

Critical care admission  3.7% (-12.8-18.1%) 92.2% (89.7-94.1%) 

Death 27.9% (-61-72.6%) 97.1% (83-99.9%) 

(314) 
 

Observational 9/12/2020 to 
17/7/2021 

Bahrain. 

569,054 Symptomatic infection  45.5% 

Hospitalisation   44.5% 

Hospitalisation - >50 years old  72% 

Death  63% 

 

Sinovac-
CoronaVac - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 2 to 4 weeks. 

(309) Test-negative 
case-control 

18/5/2021 to 
20/6/2021 

China. 

366 Infection  13.8% (-60.2-54.8%) 59.0% (16.0-81.6%) 

Moderately severe infection  70.2% (29.6-89.3%) 

[NOTE: 61.3% of study participants were vaccinated with CoronaVac (27.5% recieved Sinopharm BIBP)] 

(315) Observational 2/2/2021 to 
1/5/2021 

Chile. 

10,187,
720 

Infection  17.2% (15.8–18.6%) 63.7% (62.8–64.6%) 

Hospitalisation  40.3% (37.6–42.8%) 86.5% (85.6–87.4%) 

Admission to an ICU 45.3% (41.2–49.2%) 90.2% (88.9–91.4%) 

Death 46.0% (40.7–50.8%) 86.7% (84.9–88.3%) 

(316) Test-negative 
case-control 

17/1/2021 to 
29/4/2021 

Brazil. 

43,774 Symptomatic infection - Gamma 0-13 days: −0.8% (−9.4 to 7.2%) 0-13 days: 24.7% (14.7 to 
33.4%) 

≥14 days: 12.5% (3.7 to 20.6%) ≥14 days: 46.8% (38.7 to 53.8%) 

Hospitalisation - Gamma 0-13 days: 6.6% (−4.3 to 16.3%) 0-13 days: 39.1% (28.0 to 
48.5%) 

≥14 days: 16.9% (5.7 to 26.8%) ≥14 days: 55.5% (46.5 to 62.9%) 

Death - Gamma 0-13 days: 13.1% (−1.5 to 25.6%) 0-13 days: 48.9% (34.4 to 
60.1%) 

≥14 days: 31.2% (17.6 to 42.5%) ≥14 days: 61.2% (48.9 to 70.5%) 

(317) Test-negative 
case-control 

19/1/2021 to 
13/4/2021 

Brazil. 

53,153 Infection – Gamma ≥14 days: 49.4% 13.2-71.9%)  ≥14 days: 37.1% (-53.3-74.2%) 

 
Infection  

≥14 days: 35.1% (-6.6-60.5%) 37.9% (-46.4-73.6%) 

(115) Prospective 
cohort 

February to 
March 2021 

Brazil. 

20,187  
Infection  

 ≥14 days: 50.7% (33.3-62.5%) 

 ≥21 days: 51.8% (30-66.0%) 

 ≥28 days: 68.4% (51-80.8%) 

 ≥35 days: 73.8% (57-84.8%) 

(318) Test-negative 
case-control 

15/3/2021 to 
3/10/2021 

Brazil. 

19,838 Symptomatic infection – Pregnant 
women 

≥14 days: 5.02% (-18.22-23.69%) ≥14 days: 40.97% (27.07-
52.22%) 

Severe infection – Pregnant women ≥14 days: 67.74% (20-87%) ≥14 days: 85.39% (59.44-
94.80%) 

(319) 2,656 Symptomatic infection – Gamma ≥14 days: 49.6% (11.3-71.4%)  

Page 113 of 118

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Test-negative 
case-control 

19/1/2021 to 
25/3/2021 

Brazil. 

Symptomatic infection  ≥14 days: 35.1% (-6.6-60.5%)  

(320) Randomised 
controlled 

trial 

14/9/2020 to 
5/1/2021 
Turkey. 

10,029 Symptomatic infection 14-27 days: 46.4% (0.4-71.2%) ≥14 days: 83.5% (65.4-92.1%) 

Hospitalisation   ≥14 days: 100% (20.4-100%) 

(321) 
 

Randomised 
controlled 

trial 

21/7/2020 to 
16/12/2020 

Brazil.  

9,823  
 
 
 

Infection  

≤14 days: -3.3% (-4.8- -1.9%) ≥14 days: 50.7% (35.9-62%) 

14-28 days: 94.0% (55.1-99.2%)  

≤28 days: 42.5% (32.9-50.7%)  

≤42 days: 56.5% (49.6-62.5%)  

≤56 days: 60.4% (56.5-63.9%)  

≤70 days: 54.7% (53.2-56.1%)  

≤84 days: 53.7% (52.7-54.7%)  

≤98 days: 52.5% (51.9-53.1%)  

Infection requiring medical assistance 
(hospitalisation) 

 ≥14 days: 83.7% (58.0-93.7%) 

Moderate infection  ≥14 days: 100% (56.4-100%) 

Severe infection or death  ≥14 days: 100% (16.9-100%) 

Infection - <21 days between 2 doses  ≥14 days: 49.1% (33-61.4%) 

Infection - ≥21 days between 2 doses  ≥14 days: 62.3% (13.9-83.5%) 

(295) Cohort 17/1/2021 to 
11/5/2021 

Brazil. 

313,328 Death ≥21 days: 95.1% (94.7-95.5%) ≥21 days: 99.1% (98.9-99.3%) 

Death – 75-79 years old ≥21 days: 86.3% (84.7-87.7%)  

Death – 80-89 years old ≥21 days: 97.6% (97.2-97.9%)  

Death - ≥90 years old ≥21 days: 99.3% (99.1-99.5%)  

(296) 
 

Retrospective 
cohort 

18/1/2021 to 
30/6/2021 

Brazil 

60,577,
870 

Infection ≥14 days: 16.4% (15.2-17.5%) 0-13 days: 40.3% (39.4-41.2%) 

 ≥14 days: 54.2% (53.4-55.0%) 

Hospitalisation ≥14 days: 26.6% (24.6-28.4%) 0-13 days: 57.3% (56.0-58.6%) 

 ≥14 days: 72.6% (71.6-73.6%) 

ICU admission ≥14 days: 28.1% (24.9-31.1%) 0-13 days: 58.1% (55.9-60.1%) 

 ≥14 days: 74.2% (72.6-75.7%) 

Death ≥14 days: 29.4% (26.7-32.0%) 0-13 days: 58.7% (56.9-60.4%) 

 ≥14 days: 74% (72.6-75.3%) 

 

Bharat Biotech – 
Covaxin – whole 
virion 
inactivated virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 28 days.  

(322) Randomised 
controlled 

trial 

16/11/2020 to 
7/1/2021 

India. 

25 798 Symptomatic infection  ≥14 days: 77.8% (65.2-86.4%) 

Severe disease   ≥14 days: 93.4% (57.1-99.8%) 

Symptomatic infection – 18-59 years old  ≥14 days: 79.4% (66.0-88.2%) 

Symptomatic infection - ≥60 years old  ≥14 days: 67.8% (8.0-90.0%) 

Symptomatic infection – participants 
with pre-existing chronic medical 

condition 

 ≥14 days: 66.2% (33.8-84.0%) 

Asymptomatic infection   ≥14 days: 63.6% (29.0-82.4%) 
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Symptomatic or asymptomatic infection  ≥14 days: 68.8% (46.7-82.5%) 

(323) Test-negative 
case-control 

15/4/2021 to 
15/5/2021 

India. 

3,732 Symptomatic infection <7 days: 40% (-21-71%) <14 days: 27% (-35-61%) 

≥7 days: 1% (-30-25%) ≥14 days: 50% (33-62%) 

≥21 days: –1% (-51-33%) ≥28 days: 46% (22-62%) 

 ≥42 days: 57% (21-76%) 

(293) Cross-
sectional 

observational 

1/5/2021 to 
31/5/2021 

India. 

583 Infection  <14 days: 15% (-68-57%) <14 days: 66% (34-81%) 

≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%) 

Hospitalisation  <14 days: 43% (-68-81%) <14 days: 83% (17-96%) 

≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%) 

ICU admission or death <14 days: 62% (-27-89%) <14 days: 93% (35-99%) 

≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%) 

[NOTE: Participants either received Covaxin or Covishield (AZD1222)] 

(294) Retrospective 
cohort 

1/6/2020 to 
31/5/2021 

India. 

11,405 Infection (with evidence of prior 
infection) 

 ≥14 days: 91.1% (84.1-94.9%) 

Infection (without evidence of prior 
infection) 

 ≥14 days: 31.8% (23.5-39.1%) 

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)] 

(324) 
 

Retrospective 
cohort 

3/3/2020 to 
18/6/2021 

India. 

15,244 Reinfection  86% (77-92%) 

Symptomatic reinfection  87% (76-93%) 

Asymptomatic reinfection  84% (47-95%) 

 

Novavax – NVX-
CoV2373 
(Nuvaxovid)  
or Serum 
Institute of 
India – 
COVOVAX 
(Novavax 
formulation - 
recombinant 
SARS-CoV-2 S 
protein 
nanoparticle as 
a coformulation 
with the 
adjuvant Matrix-
M 

Two doses (0.5 
ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3-4 
weeks.  

 

(325) Randomised 
controlled 

trial 

28/9/2020 to 
28/10/2020 

UK. 

14,039 Infection   89.7% (80.2-94.6%) 

Infection – 18 to 64 years old  89.8% (79.7-95.5%) 

Infection – 65 to 84 years old  88.9% (20.2-99.7%) 

Infection – Alpha   86.3% (71.3-93.5%) 

Infection – Non-Alpha  96.4% (73.8-99.5%) 

(326) Randomised 
controlled 

trial 

27/12.2020 to 
18/2/2021 

US, Mexico. 

29,949 Infection  ≥7 days: 89.3% (81.6-93.8%) 

Infection – COVID-19 high risk group  ≥7 days: 91.0% (83.6-95.0%) 

(327) Randomised 
controlled 

trial 

28/9/2020 to 
28/10/2020 

UK. 

15,139 Infection   89.8% (79.7-95.5%) 

Infection – 18-64 years old  87.5% (–0.2-98.4%) 

(328) 
 

Randomised 
controlled 

trial 

17/7/2020 to 
25/11/2020 
South Africa. 

2,684 Symptomatic infection  ≥7 days: 49.4% (6.1-72.8%) 

Symptomatic infection – Beta  ≥7 days: 51.0% (-0.6-76.2%) 
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Vaccine 
type 

Vaccine Company Countries approved 
for use in 

Clinical trials 

Inactivated 
virus 

KoviVac Chumakov Center 
(Moscow, Russia) 

3 countries:  
Belarus, Cambodia, Russian 

Federation  

Phase 1:  502 (Russian Federation). 
Phase 2:  

502 (Russian Federation). 
622 (Russian Federation). 

QazVac Kazakhstan Research 
Institute for Biological 

Safety Problems 
(RIBSP) (Kazakhstan)  

2 countries: 
Kazakhstan, Kyrgyzstan 

Phase 1: NCT04530357 (Kazakhstan). 
Phase 2: NCT04530357 (Kazakhstan). 
Phase 3: NCT04691908 (Kazakhstan). 

KCONVAC Minhai Biotechnology 
Co. (Beijing, China) 

2 countries: 
China, Indonesia 

Phase 1: 
NCT05003479 (China). 

ChiCTR2000038804, NCT04758273 (China). 
Phase 2: 

ChiCTR2000039462, NCT04756323 (China). 
NCT05003466 (China). 
Phase 3: NCT04852705 

COVIran Barekat Shifa Pharmed 
Industrial Co. (Tehran, 

Iran) 

1 country: 
Iran 

Phase 1: 
IRCT20201202049567N1 (Iran). 
IRCT20201202049567N2 (Iran). 
IRCT20171122037571N3 (Iran). 

Phase 2:  
IRCT20201202049567N3 (Iran). 
IRCT20171122037571N3 (Iran). 

Phase 3: IRCT20201202049567N3 (Iran). 

Inactivated (Vero 
Cells) 

Sinopharm (Wuhan, 
China) 

2 countries: 
China, Philippines 

Phase 1: ChiCTR2000031809 (China) 
Phase 2: 

NCT04885764 (Egypt). 
ChiCTR2000031809 (China). 

Phase 3: 
NCT04885764 (Egypt). 

ChiCTR2000034780 (United Arab Emirates). 
NCT04612972 (Peru). 

NCT04510207 (Bahrain, Egypt, Jordan, 
United Arab Emirates). 

ChiCTR2000039000 (Morocco). 

Turkovac 
 

Health Institutes of 
Turkey (Istanbul, 

Turkey)  

1 country: 
Turkey 

Phase 1: NCT04691947 (Turkey). 
Phase 2: 

NCT04824391 (Turkey). 
NCT04979949 (Turkey).  
NCT05035238 (Turkey). 

Phase 3: 
NCT04942405 (Turkey). 
NCT05077176 (Turkey). 

FAKHRAVAC 
(MIVAC) 

 

Organization of 
Defensive Innovation 

and Research (Tehran, 
Iran) 

1 country: 
Iran 

Phase 1: IRCT20210206050259N1 (Iran). 
Phase 2: IRCT20210206050259N2 (Iran). 
Phase 3: IRCT20210206050259N3 (Iran). 

Non-
replicating 
viral vector 

Convidecia CanSino (Tianjin, 
China) 

10 countries: 
Argentina, Chile, China, 

Ecuador, Hungary, 
Indonesia, Malaysia, 

Mexico, Pakistan, Republic 
of Moldova 

Phase 1: 
NCT05043259 (China).  

ChiCTR2000030906, NCT04313127 (China).  
NCT04568811 (China). 
NCT04840992 (China). 

Phase 2: 
NCT05043259 (China). 

NCT05162482 (Pakistan). 
NCT04840992 (China). 

ChiCTR2000031781, NCT04341389 (China). 
NCT04566770 (China). 

NCT05005156 (Argentina). 
Phase 3:  

NCT05169008 (Chile, Mexico). 
NCT04526990 (Argentina, Chile, Mexico, 

Pakistan, Russian Federation). 
NCT04540419 (Russian Federation). 

Sputnik Light Gamaleya Research 
Institute of 

Epidemiology and 

24 countries: 
Angola, Argentina, Armenia, 
Bahrain, Belarus, Cambodia, 

Egypt, Iran, Kazakhstan, 

Phase 1: NCT04713488 (Russian 
Federation). 

Phase 2: 
NCT04713488 (Russian Federation). 
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Microbiology 
(Moscow, Russia)  

Kyrgyzstan, Lao People's 
Democratic Republic, 
Mauritius, Mongolia, 

Nicaragua, Philippines, 
Republic of the Congo, Russian 

Federation, San Marino, 
Tunisia, Turkmenistan, United 

Arab Emirates, United Republic 
of Tanzania, Venezuela, West 

Bank 

NCT05027672 (Argentina). 
Phase 3: NCT04741061 (Russian 

Federation).  

Sputnik V Gamaleya Research 
Institute of 

Epidemiology and 
Microbiology 

(Moscow, Russia)  

74 countries: 
Albania, Algeria, Angola, 

Antigua and Barbuda, 
Argentina, Armenia, 
Azerbaijan, Bahrain, 

Bangladesh, Belarus, Bolivia, 
Bosnia and Herzegovina, Brazil, 

Cambodia, Cameroon, Chile, 
Djibouti, Ecuador, Egypt, 

Gabon, Ghana, Guatemala, 
Guinea, Guyana, Honduras, 

Hungary, India, Indonesia, Iran, 
Iraq, Jordan, Kazakhstan, 
Kenya, Kyrgyzstan, Lao 

People's Democratic Republic, 
Lebanon, Libya, Maldives, Mali, 
Mauritius, Mexico, Mongolia, 

Montenegro, Morocco, 
Myanmar, Namibia, Nepal, 
Nicaragua, Nigeria, North 

Macedonia, Oman, Pakistan, 
Panama, Paraguay, Philippines, 
Republic of Moldova, Republic 

of the Congo, Russian 
Federation, Rwanda, Saint 

Vincent and the Grenadines, 
San Marino, Serbia, Seychelles, 
Sri Lanka, Syrian Arab Republic, 
Tunisia, Turkey, Turkmenistan, 

United Arab Emirates, 
Uzbekistan, Venezuela, 

Vietnam, West Bank, 
Zimbabwe 

Phase 1: 
NCT04760730 (United Arab Emirates). 

NCT04684446 (Belarus, Russian Federation). 
NCT04436471, 241 (Russian Federation). 

NCT04437875 (Russian Federation). 
Phase 2:  

NCT05027672 (Argentina). 
NCT04988048 (Argentina). 

NCT04954092 (Russian Federation). 
NCT04962906 (Argentina). 
NCT04983537 (Argentina). 

NCT04760730 (United Arab Emirates). 
NCT04684446 (Belarus, Russian Federation). 

NCT04686773 (Azerbaijan). 
NCT04436471, 241 (Russian Federation). 

NCT04437875 (Russian Federation). 
NCT04587219 (Russian Federation). 

NCT04640233 (India). 
Phase 3: 

NCT04564716 (Belarus). 
NCT04530396 (Russian Federation). 

NCT04642339 (Venezuela). 
NCT04656613 (United Arab Emirates).  

NCT04954092 (Russian Federation). 
NCT04640233 (India). 

RNA TAK-919 (Moderna 
formulation) 

Takeda (Tokyo, Japan) 1 country:  
Japan 

Phase 1: NCT04677660 (Japan). 
Phase 2: NCT04677660 (Japan). 

DNA ZyCoV-D Zydus Cadila 
(Ahmedabad, India) 

1 country:  
India 

Phase 1: 
CTRI/2020/07/026352 (India). 
CTRI/2021/03/032051 (India). 

Phase 2:  
CTRI/2020/07/026352 (India). 
CTRI/2021/03/032051 (India). 

Phase 3: CTRI/2021/01/030416 (India). 

Protein 
subunit 

ZF2001 Anhui Zhifei Longcom 
(Hefei, China)  

3 countries: 
China, Indonesia, 

Uzbekistan 

Phase 1: 
NCT04445194 (China). 
NCT04636333 (China). 

NCT04550351, ChiCTR2000035691 (China). 
NCT04961359 (China). 

Phase 2: 
NCT04466085 (China). 
NCT05109598 (China). 
NCT04813562 (China). 

Phase 3: 
NCT05091411 (China). 
NCT05128643 (China). 
NCT05107375 (China). 

ChiCTR2000040153, NCT04646590 (China, 
Ecuador, Indonesia, Pakistan, Uzbekistan). 

ChiCTR2100050849 (China). 

Abdala Center for Genetic 
Engineering and 

Biotechnology (CIGB) 
(Havana, Cuba) 

6 countries: 
Cuba, Mexico, Nicaragua, 

Saint Vincent and the 
Grenadines, Venezuela, 

Vietnam 

Phase 1: 
RPCEC00000345 (Cuba). 
RPCEC00000346 (Cuba). 

Phase 2: 
RPCEC00000345 (Cuba) 
RPCEC00000346 (Cuba). 
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Phase 3: RPCEC00000359 (Cuba).  

EpiVacCorona FBRI (Koltsovo, Russia) 4 countries: 
Cambodia, Russian 

Federation, Turkmenistan, 
Venezuela 

Phase 1: NCT04527575 (Russian 
Federation). 

Phase 2: NCT04527575 (Russian 
Federation). 

Phase 3: NCT04780035 (Russian 
Federation). 

NCT05021016 (Russian Federation) 

Aurora-CoV FBRI (Koltsovo, Russia) 1 country: 
Russian Federation 

Phase 1: 197 (Russian Federation). 
Phase 2: 197 (Russian Federation). 

MVC-COV1901 Medigen 
Biotechnology Corp. 
(Taipei City, Taiwan) 

2 countries: 
Somaliland, Taiwan 

Phase 1: 
NCT05132855 (Taiwan). 
NCT04487210 (Taiwan). 

Phase 2: 
NCT05132855 (Taiwan). 

NCT04695652 (Taiwan, Vietnam). 
NCT04822025 (Taiwan). 
NCT04951388 (Taiwan). 
NCT05038618 (Taiwan). 
NCT05048849 (Taiwan). 
NCT05054621 (Taiwan). 

Phase 3: NCT05011526 (Paraguay) 

SpikoGen Vaxine/CinnaGen Co. 
(Iran) 

1 country: 
Iran 

Phase 1: NCT04453852 (Australia). 
Phase 2: 

IRCT20150303021315N23 (Iran). 
NCT04944368, IRCT20150303021315N23 

(Iran).  
NCT05148871 (Australia). 
Phase 3: NCT05005559, 

IRCT20150303021315N24 (Iran).  
NCT05148871 (Australia). 

NCT05175625, IRCT20150303021315N26 
(Iran). 

Corbevax Biological E Limited 
(Telangana, India) 

 

1 country: 
India 

Phase 1: CTRI/2020/11/029032 (India). 
Phase 2: 

CTRI/2020/11/029032 (India). 
CTRI/2021/06/034014 (India). 
CTRI/2021/10/037066 (India). 

Phase 3: 
CTRI/2021/06/034014 (India). 
CTRI/2021/08/036074 (India). 
CTRI/2021/10/037066 (India). 

Soberana 02 
 

Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba) 

4 countries: 
Cuba, Iran, Nicaragua, 

Venezuela 

Phase 1: IFV/COR/06 (Cuba). 
Phase 2: IFV/COR/08 (Cuba). 
Phase 3: IFV/COR/09 (Cuba). 

Soberana Plus 
 

Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba) 

1 country: 
Cuba 

Phase 1: 
IFV/COR/15 (Cuba). 
IFV/COR/05 (Cuba). 

Phase 2:  
IFV/COR/11 (Cuba). 
IFV/COR/15 (Cuba). 

Phase 3: IFV/COR/09 (Cuba). 

Razi Cov Pars Razi Vaccine and 
Serum Research 

Institute (Karaj, Iran) 

1 country: 
Iran 

Phase 1: IRCT20201214049709N1 (Iran). 
Phase 2: IRCT20201214049709N2 (Iran). 
Phase 3: IRCT20201214049709N3 (Iran).  

Recombinant SARS-
CoV-2 Vaccine (CHO 

Cell) 

National Vaccine and 
Serum Institute 
(Beijing, China) 

1 country: 
United Arab Emirates 

Phase 1: NCT04869592 (China). 
Phase 2: NCT04869592 (China) 

Phase 3: NCT05069129 (United Arab 
Emirates) 

 

Page 118 of 118

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Supplementary file 1:  

1a: Specific database search terms:  

“transmission”, “host cell entry”, “clinical presentation”, “symptoms”, “risk factors”, “genetic risk”, 

“coronavirus”, “structure”, “genetics”, “replication”, open reading frame”, “structural proteins”, 

“accessory proteins”, “spike”, “receptor binding domain”, “mutation”, “variant of concern”, “variant 

of interest”, “alpha”, “beta”, “gamma”, “delta”, “omicron”, “lambda”, “mu”, “pfizer”, “BNT162b2”, 

“oxford-AtraZeneca”, “AZD1222”, “ChAdOx1”, “johnson and johnson”, “janssen”, “Ad26.COV.2.S”, 

“moderna”, “mrna-1273”, “sinopharm”, “BBIBP-CorV”, “sinovac”, “CoronaVac”, “bharat biotech”, 

“Covaxin”, “BBV152”, “Novavax”, “ Coalition for Epidemic Preparedness Innovations”, “Covovax”, 

“Nuvaxovid”, “NVX-CoV2372”, “immunogenicity” “antibody”, “neutralisation”, “reactogenicity”, 

“safety”, “adverse events”, “effectiveness”, “efficacy”, “immunity”, “booster”, “treatment”, 

“therapy”, “guideline”, “recommendations”.  

 

1b: Selection of studies (inclusion/exclusion criteria):  

Virology studies – preference was given to studies directly examining/discussing SARS-CoV-2, 

however, useful papers that explored the structure, genetics, and virology of coronaviruses in 

general were considered.  

Variant studies – in general, large epidemiological studies that explored the prevalence and risk of 

certain outcomes (e.g. hospitalisation, death, etc.) with COVID-19 infection for certain variants were 

included. Authors aimed to include studies from multiple countries.   

Vaccine studies – Studies with human derived data (e.g. blood sera, phase 1/2 trials) were of 

greatest interest when collating information on immunogenicity, reactogenicity, and safety. Large 

randomised controlled trials, test-negative case-control, and observational studies were of selected 

when exploring vaccine efficacy. Review articles summarising effectiveness studies were excluded, 

unless a meta-analysis was performed.  
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Abstract
As of 25th January 2022, there have been over 349 million confirmed cases of COVID-

19, with over 5.59 million confirmed deaths associated with the SARS-CoV-2 virus. The 
COVID-19 pandemic has prompted an extensive, global effort to study the molecular evolution 
of the virus and develop vaccines to combat its spread. Although rigorous determination of 
SARS-CoV-2 infectivity remains elusive, due to the continuous evolution of the virus, steps 
have been made to understand its genome, structure, and emerging genetic mutations. The 
SARS-CoV-2 genome is composed of several open reading frames (ORFs) and structural 
proteins, including the spike protein, which is essential for entry into host cells. As of 25th 
January 2022, the WHO reports five variants of concern (VOC) two variants of interest (VOI) 
and three variants under monitoring (VUM). The mutations harboured in these variants confer 
an increased transmissibility, severity of disease, and escape from neutralising antibodies 
compared to the primary strain. The current vaccine strategy, including booster doses, provides 
protection from severe disease. As of 24th January 2022, there are 33 approved vaccines in use 
in 197 countries. In this review, we discuss the genetics, structure and transmission methods of 
SARS-CoV-2 and its variants, highlighting how mutations provide enhanced abilities to spread 
and inflict disease. We also outline the vaccines currently in use around the world, providing 
evidence for the immunogenicity and effectiveness of each. 

Introduction
There are seven coronaviruses that infect humans, all belonging to either alpha- or beta-

coronavirus subgroups, including 229E (alpha), NL63 (alpha), OC43 (beta), and HKU1 
(beta)(1). Over the last two decades, three notable beta-coronaviruses, severe acute respiratory 
syndrome coronavirus (SARS-CoV) in 2002, Middle East respiratory syndrome coronavirus 
(MERS-CoV) in 2011, and most recently, severe acute respiratory syndrome 2 (SARS-CoV-
2) in 2019, have emerged and caused severe illness resulting in debilitating disease and 
worldwide fatalities. SARS-CoV-2 is the pathogen responsible for the current Coronavirus 
2019 (COVID-19) pandemic and has caused more than 5.59 million deaths in approximately 
two years and resulted in multisystem illness in several million people(2).  

All viruses change and mutate over time, with most changes having little to no impact. 
However, some mutations may alter its pathogenic or transmission potential and could, 
therefore, increase disease severity or hinder the effectiveness of vaccines and therapeutic 
strategies. The World Health Organisation (WHO) (3) classify SARS-CoV-2 variants that 
increase transmissibility, disease severity or virulence, or decrease the effectiveness of public 
health measures, diagnostics, therapeutics, or vaccines as variants of concern (VOC). Variants 
with genetic changes that are predicted to enhance the virulence and transmissibility of the 
virus which have been identified to cause community transmission in multiple countries posing 
a possible risk to global public health are defined as variants of interest (VOI). Lastly, the WHO 
defines variants with genetic changes that are suspected to affect virus characteristics and have 
currently unclear phenotypic or epidemiological effects as variants under monitoring (VUM). 
VUM are not typically assigned a name until they are upgraded to VOI or VOC. The full 
working definitions of VOC, VOI and VUM can be found on the WHO ‘tracking SARS-CoV-2 
variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-variants/(3). As of 25th 
January 2022, the WHO reports five VOC; Alpha, Beta, Gamma, Delta and Omicron, two VOI; 
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Lambda and Mu, and three VUM(3). Former VOC/VOI/VUM have been reclassified as 
‘formerly monitored variants’ due to them either no longer circulating, having little impact on 
the epidemiological situation, or having no concerning properties(3). Since the beginning of 
the COVID-19 pandemic, the rapid development of effective COVID-19 vaccines has taken 
place around the world. As of 24th January 2022, there are 33 approved vaccines in use in 197 
countries, with ten vaccines having gained emergency use listing approval from the WHO(4).

In this review, we provide an overview of the genome and structure of SARS-CoV-2, 
describing how these elements allow the virus to infect and replicate inside of host cells, before 
outlining how certain mutations harboured by SARS-CoV-2 variants enhance these abilities. 
Next, we examine the current state of vaccine development around the world and provide 
evidence of the effectiveness of booster doses. 

Methods
We searched PubMed and Embase databases for COVID-19-related articles published 

between 1st January 2020 and 25th January 2022 and for general coronavirus-related articles 
published from 1st January 2000 onwards. Our search terms included SARS-CoV-2, COVID-
19, and specific terms including virology, genome, variants, and vaccine. Additional, specific 
search terms are outlined in supplementary file 1. We performed further manual searching for 
additional articles and data using relevant databases, including who.int, gov.uk, and 
ecdc.europa.eu/en. Due to the rapidly evolving nature of the literature involving SARS-CoV-
2, we also searched preprint databases including MedRxiv and BioRxiv. Due to the various 
topics addressed here, studies were selected through different criteria, details of which can be 
found in supplementary file 1. Overall, studies were selected based on quality and impact factor 
of publishing journal, with real-world studies with large sample sizes of greatest interest. 

Viral transmission, clinical presentation, and genetic susceptibility of COVID-19
SARS-CoV-2 is predominantly spread via respiratory droplet transmission, spreading 

between people through close contact, coughing, or sneezing. It has been documented that the 
virus can also spread through airborne transmission, fomite transmission, and via other modes, 
such as through biological material including urine and faeces, and through (5, 6). The SARS-
CoV-2 virus may survive on surfaces or suspended in air droplets for long periods of time. 
Indeed, on plastic, stainless steel, and glass surfaces, the half-life of the virus is around 5.3, 4.4, 
and 4.2 hours, respectively(7), with no difference seen between SARS-CoV-2 variants(8). 
Although SARS-CoV-2 can be detected on inanimate surfaces for hours and days, due to the 
evaporation of water droplets, the viruses’ living environment, the concentration of the virus 
plummets rapidly(9). Protective measures, including using personal protective equipment 
(PPE), maintaining indoor ventilation, and disinfecting hands and surfaces, can effectively 
limit the spread of SARS-CoV-2(10). 

Once inside the airways, SARS-CoV-2 can directly or indirectly infect ciliated, mucus-
secreting, and club cells of bronchial epithelium, type 1 pneumocytes within the lungs, and the 
conjunctival mucosa(11). The clinical presentation of COVID-19 is non-specific, 
heterogeneous, and infection can result in a wide spectrum of symptoms. Following an 
incubation period of 4-14 days, symptoms develop ranging from mild to severe disease and, in 
some cases, can result in death(12). The most common COVID-19 symptoms include fever, 
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cough, dyspnoea, and fatigue(13, 14), while myalgia, gastrointestinal issues, cognitive deficits, 
and other symptoms are reported. Asymptomatic individuals can also test positive for COVID-
19(15, 16). Although the entire population is susceptible to COVID-19 infection, some 
subgroups within the general population exist that are more susceptible to developing poorer 
clinical outcomes.

Risk factors associated with increased risk of hospitalisation, severe disease, and fatal 
outcome with COVID-19 have been identified. Older age(17-19), male sex(20, 21), non-white 
ethnicity(21, 22), comorbidities including diabetes, hypertension, and lung disease(18, 23-25), 
malignancy and immunodeficiency(26-28) have all been associated with more severe COVID-
19. The duration of symptoms endured by COVID-19 patients, as well as the treatment they 
receive will also have profound influences on the severity of disease they experience and both 
the acute and long-term outcomes following recovery. The host genetic background is thought 
to have an influence on the susceptibility and severity of COVID-19, possibly explaining the 
broad spectrum of clinical manifestations that can develop in seemingly similar individuals. A 
study examining individuals with COVID-19 across numerous ancestry groups identified four 
gene loci associated with susceptibility to COVID-19; SLC6A20, RPL24, ABO, PLEKHA4, 
and nine associated with increased risk of severe COVID-19; LZTFL1, FOXP4, TMEM65, 
OAS1, KANSL1, TAC4, DPP9, RAVER1, and IFNAR2(29). Meanwhile, genome-wide 
association studies spanning across Europe, the United States (US), and the United Kingdom 
(UK) identified a gene cluster on chromosome three (chr3p21.31) as being strongly linked with 
susceptibility and severity of COVID-19(30, 31). Polymorphisms in the angiotensin-
converting enzyme 2 (ACE2) receptor and transmembrane protease serine 2 (TMPRSS2) have 
also been shown to enhance SARS-CoV-2 viral entry(32, 33), with differential polymorphisms 
seen across ethnic populations, which may partly explain why certain ethnic groups are more 
susceptible to severe COVID-19. Increased ACE2 receptor levels have also been associated 
with other risk factors of COVID-19 including smoking and increasing age(34). The use of 
polygenetic risk scores (PRS) may be useful in determining an individual’s risk for developing 
severe disease caused by COVID-19(35). A PRS infers a person’s risk of susceptibility to, or 
development of a certain disease based on the total number of genomic variations they possess. 
Determining PRS with the inclusion of comorbidities, such as chronic obstructive pulmonary 
disease(36), or other aspects, such as coagulation factors(37), may improve the usefulness of 
PRS in determining a person’s risk of severe COVID-19. 

 Virology of SARS-CoV-2
SARS-CoV-2 is a positive-stranded ribonucleic acid (RNA) virus belonging to 

Coronaviridae family. Coronaviruses, which have crownlike appearances, are the largest 
known RNA viruses and are thought to primarily infect vertebrates(38, 39). SARS-CoV-2 
belongs to the beta genus of the coronaviruses and has a genome varying from 29.8kb to 29.9kb 
in size(40). Human coronaviruses (HCoV) genomes consist of a variable number of open 
reading frames (ORFs). Following the typical 5’-3’ order, the beginning two-thirds of the 
SARS-CoV-2 genome contains two ORFs, ORF1a and ORF1b which, inside the host cell, are 
translated at the rough endoplasmic reticulum into polyprotein 1a (pp1a) and polyprotein 1ab 
(pp1ab), respectively(40). These polyproteins are cleaved into 16 non-structural proteins (nsp); 
nsp1-11, from pp1a and nsp12-16, from pp1ab. The proteolytic release of nsp1 occurs rapidly, 
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which enables it to interfere with translation processes of the host cell by inducing cellular 
mRNA degradation(41-43). Nsp2-16 contain the viruses’ replication and transcription complex 
(RTC) and encode multiple enzymes with many functions including, proteases, helicase, 
polymerase, exo- and endo-nuclease, N7- and 2’O-methyltransferases, and de-ubiquitination 
enzymes(44, 45). The final third of HCoV genomes contain genes that encode structural and 
accessory proteins. The four major structural proteins encoded here are the nucleocapsid (N), 
membrane (M), envelope (E), and spike glycoprotein (S) proteins(46, 47). The N protein is 
associated with the viral RNA genome and is involved in RNA synthesis regulation and 
interacts with the M protein during viral budding(39, 48). The M protein is important for viral 
assembly, it contains a short N-terminal domain that projects onto the external surface of the 
envelope and a long internal C terminus(39). The E protein function is largely unknown; 
however, along with the N and M proteins, it is required for viral assembly and release(47) . 
Lastly, the S protein gives coronaviruses their characteristic spikes that compose their 
crownlike appearance. This protein projects through the viral envelope, is heavily glycosylated, 
and regulates host cell membrane receptor binding and fusion of the viral and cellular 
membrane(49). The functions of the eleven accessory proteins encoded within the one-third 
closest to the 3’ end of the SARS-CoV-2 genome are not fully understood. These accessory 
proteins are encoded by the ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, 
ORF9b, ORC9c, and ORF10 genes. Some of these proteins, including ORF3b, ORF6, ORF7a 
and ORF8 are interferon antagonists which impair the host cell immune response(50-53), while 
ORF3a may promote virus release(54) and is involved in apoptosis of host cells through 
caspase-3 activation(55). ORF9b and ORF9c are known to supress the host antiviral response 
by interacting with host cell organelles(56-58), while a clear understanding of the functions of 
ORF3c, ORF7b, and ORF10 remains elusive(59). Figure 1 (A and B) depicts the genome and 
structure of SARS-CoV-2.   

The S glycoprotein is composed of two functionally distinct subunits (S1 and 
S2) and is essential for viral entry into host cells. The N-terminal S1 domain of the protein 
contains the receptor-binding domain (RBD) that directly interacts with the ACE2 receptor on 
the host cell, the primary receptor that SARS-Cov-2 utilises for cell entry(60). The C-terminal 
S2 domain fuses the host and viral membranes to allow for entry of the viral genome into the 
host cell(61). The subunits of the trimeric S complex are either in a closed (pre-fusion stage) 
or open (post-fusion stage) conformation(62), with one subunit always in an open conformation 
to allow for ACE2 recognition and binding(63). The RBD itself consists of five anti-parallel β-
strands surrounded by several α-helices(64). From closed to open conformation, the RBD 
undergoes structural rearrangement whereby the globular head region rotates clockwise, which 
alters is elecropotential surface(64). Once positioned, numerous residues within the RBD form 
either hydrogen bonds or salt bridges with residues of the ACE2 receptor, allowing for tight 
binding(65), while the concave structure of the RBD allows for three distinct binding 
regions(64). Following binding between the S protein and the host cell receptor, host cell 
proteases cleave the S protein, causing the release of the S2 domain which allows for fusion 
and cell entry(66). Figure 1 (C and D) demonstrate the structure and function of the S protein. 

The ACE2 receptor is expressed in numerous cell types throughout the human body, 
including in the lungs, oral and nasal mucosa, heart, gastrointestinal tract, kidneys, liver, 
spleen, and brain(67), highlighting the widespread infection that SARS-CoV-2 can inflict. 
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Meanwhile, TMPRSS2, a host cell protease, facilitates fusion of the viral and host cell 
membranes(68), and may play a role in the spread of the virus in the airways(68). Host cell 
cathepsin L may also aid in SARS-CoV-2 cell entry by cleaving the S protein(69). Indeed, a 
clinically approved protease inhibitor has been shown to block SARS-CoV-2 cell entry(70). 
Figure 2 depicts the mechanism by which SARS-CoV-2 gains entry into and replicates inside 
host cells, and summarises the host cell immune response. 

 Variants of SARS-CoV-2 
Most viral mutations have a limited impact on the viruses’ ability to infect, replicate, 

escape host immunity, and transmit, however, certain mutations may give a viral strain a 
competitive advantage and, through natural selection, give it the ability to become dominant. 
Many of the mutations observed in SARS-CoV-2 variants are found within the RBD or the N-
terminal domain of the S protein, which alters the three-dimensional structure of the S protein. 
Not only can these changes affect the transmission abilities of the virus but can also allow it to 
better escape the immune response, including from neutralising antibodies either elicited 
through vaccine administration or natural infection. 

The SARS-CoV-2 virus has mutated numerous times, with estimates suggesting that 
circulating lineages acquire nucleotide mutations at rates of around one to two mutations per 
month(71). The current method of identifying variants relies on the use of genomic testing such 
as whole genome sequencing, partial S-gene sequencing, or nucleic acid amplification 
technique (NAAT)-based assays(72). The aspects of different variants that most people 
experience, however, is the clinical symptoms they inflict. Certain variants induce a greater 
risk of severe disease and death, such as Alpha and Delta(73), while others are more likely to 
induce milder symptoms, such as Omicron(74, 75). Moreover, individual symptoms can differ 
between variants. For example, the Gamma variant is associated inflicting anosmia and 
dysgeusia(76), which is less commonly seen in Omicron infections. Moving forward, the 
clinical themes and symptoms associated with emerging variants should be elucidated rapidly  
so that the public and healthcare professionals can rapidly identify possible cases of COVID-
19. 

The WHO have tracked and monitored SARS-CoV-2 variants since the COVID-19 
pandemic began to identify VOCs. As of 25th January 2022, the WHO reports five VOC, two 
VOI, and three VUM(3) (Table 1). Herein, we report studies that compare SARS-CoV-2 
variants to the ‘primary’ virus strain. ‘Primary strain’ refers to the strain of the virus that first 
emerged in Wuhan, China at the end of 2019 and spread around the world in the first wave of 
infections, which is often also referred to as the Wuhan-Hu-1, B.1, or wild-type strain.  

 Variants of concern
Alpha 

The Alpha SARS-CoV-2 variant, of the B.1.1.7 lineage, was first documented in the 
UK in September 2020 and classified as a VOC on 18th December 2020(3, 77). This variant 
contains S protein mutations which have potential biological effects. Firstly, the S protein 
residue 501, a key contact residue within the RBD, forms a portion of the binding loop in the 
contact region of the ACE2 receptor, forms a hydrogen bond with the Y41 residue of the ACE2 
receptor, and stabilises the ACE2 K353 residue(65, 78, 79). Alpha harbours an N501Y 
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mutation which increases the binding affinity of the RBD to the ACE2 receptor(80). Next, the 
P681H mutation contained within the Alpha variant is located immediately adjacent to the 682-
685 furin cleavage site, at the interface of the S1 and S2 domains(81). The S1/S2 furin cleavage 
site prompts entry into respiratory epithelial cells and partly determines the transmissibility of 
the virus(82-84), while the P681H mutation makes the furin cleavage site less acidic, meaning 
it is more effectively recognised and cleaved(85, 86). Alpha also contains a D614G mutation, 
located within the S1/S2 furin cleavage site, which increases SARS-CoV-2 binding affinity to 
the ACE2 receptor and increases infectivity(87). Other mutations harboured within the Alpha 
variant enhance the ability of the virus to escape antibody detection, such as the two amino 
acid deletion at the sites 69-70 in the N-terminal domain of the S protein(88, 89), while other 
mutations demonstrate limited or no effects(90). In February 2021, viruses of the B.1.1.7 
lineage with the added S protein mutation E484K were identified, which may have threatened 
vaccine effectiveness due to the mutation conferring an increased resistance to neutralising 
vaccine-elicited and monoclonal antibodies(91). This mutation had limited effects, however, 
and variants containing it failed to dominate. 

Epidemiological studies explored the Alpha variant, with a case-control study of 27,633 
respiratory samples originating from 20 primary care centres in Madrid, Spain, finding that the 
probability of admission to an intensive care unit (ICU) was twice as high in patients infected 
with the Alpha variant compared to those infected with the primary strain(92). Furthermore, 
this variant became the dominant strain within four months, and led to an increase in disease 
burden as a result(92). 

Meanwhile in Cannes, France, infection with the Alpha variant was associated with a 
3.8-fold higher risk of transfer to an ICU or death compared to the primary strain, as determined 
through a retrospective cohort study of 158 COVID-19 patients(93). A large retrospective 
cohort study found that, during the third COVID-19 wave in Canada, where 91% of infections 
were caused by the Alpha variant, the risk of both hospitalisation (adjusted odds ratio 
(aOR)=1.57) and death (aOR=1.52) was higher compared to primary strain infections(94). 
Overall, the Alpha variant was approximately 50-70% more transmissible and was associated 
with a 30-60% increased risk of hospitalisation and death compared to the primary strain(95-
100).

The Alpha variant was found to have a minimal impact on the effectiveness of current 
vaccines(101, 102), while the risk of reinfection remained similar for this variant as with 
previous ones(103). On 3rd September 2021, the European Centre for Disease Prevention and 
Control (ECDC) reclassified the Alpha, and the Alpha+E484K mutation variants from a VOC 
to a ‘de-escalated variant’ (104). 

Beta
The Beta SARS-CoV-2 variant, of the B.1.351 lineage, was first documented in South 

Africa in May 2020(3). This variant contains five S protein mutations of interest: N501Y, 
E484K, D614G, K417N, and A701V. Like the Alpha variant, Beta contains the mutations 
N501Y, E484K, and D614G, which increase ACE2 receptor binding affinity(80, 87), increase 
virulence(105), and enhance resistance to neutralising antibodies(91, 106). The K417 residue 
of the SARS-CoV-2 S protein interacts with the D30 residue of the ACE2 receptor, forming a 
salt bridge across the central contact region(65, 78), however, the K417N mutation appears to 
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have a limited impact on ACE2 receptor binding(80). The A701V mutation is located close to 
the furin cleavage site but has a minimal impact on transmissibility or antibody resistance(101).

In a genomic and epidemiological study, it was concluded that the Beta SARS-CoV-2 
variant had a selective advantage over previous variants from its increased transmissibility and 
immune escape abilities(107, 108), while the E484K/N501K mutations significantly enhanced 
the binding affinity of Beta and, hence, increased its transmissibility(109). A retrospective 
cohort study of 22,068 participants found that infection with the Beta variant was associated 
with an increased hospitalisation risk compared to an infection with a non-VOC (hazard ratio 
(HR)=2.30)(100). Overall, Beta is approximately 25-50% more transmissible, is associated 
with a possible increase in risk of hospital mortality, and has enhanced resistance to antibody 
neutralisation compared to previous variants(107, 108, 110). 

 Gamma 
The Gamma variant is of the P.1 lineage and was first reported in November 2020 from 

travellers returning to Japan from Brazil, and was later discovered in Brazil(3, 111). This 
variant contains the S protein mutations of interest; K417T, E484K, N501Y, D614G, and 
H655Y(104). As mentioned, the N501Y and D614G mutations increase ACE2 receptor 
binding affinity and increase infectivity of the virus(80, 87). The N501Y, K417N/T, and E484K 
mutation trinity, meanwhile, is shared by both Gamma and Beta variants, and is associated with 
enhanced infectivity and lethality compared to the N501Y mutation alone, possibly due to 
tighter binding of the S protein to the ACE2 receptor due to increased electrostatic 
contribution(112). Gamma also possesses the H655Y mutation which was found to provide 
enhanced viral escape abilities from multiple human monoclonal antibodies in vitro(113).  

The Gamma variant is associated with heightened transmissibility(109, 110, 114), with 
one study concluding that it possesses a 1.7- to 2.4-fold increased transmissibility compared to 
previous variants(115). Additionally, the wave of infections caused by the Gamma variant in 
Brazil was associated with a 13% increase in death rate compared to the previous wave, 
suggesting the greater virulence held by Gamma compared to previous viral strains(116). 

A surveillance study from seven European countries concluded that the Gamma variant 
was associated with a higher risk of hospitalisation (aOR=2.6) and admission to an ICU 
(aOR=2.2) when compared to non-VOC cases(117). In Manaus, Brazil the resurgence of 
COVID-19, despite high seroprevalence, suggested that the Gamma variant had a moderate 
resistance to neutralising antibodies(118), however, Gamma has been shown to be significantly 
less resistant to neutralising antibodies, compared to other variants, including Beta(119). 

4 Delta
The Delta variant, from the B.1.617.2 lineage, was first documented in India in October 

2020 and was classified as a VOC on 11th May 2021(3). Of the S protein mutations of interest, 
the aforementioned P681H and D614G are also harboured by the Delta variant(104) and 
similarly impacts its ACE2 receptor binding affinity and transmissibility(106, 120, 121). 
Unlike the E484K mutation seen in previous variants, Delta contains the E484Q mutation 
which, along with a L452R mutation also located within the RBD, causes significantly higher 
affinity for the ACE2 receptor than the primary strain or the E484K mutation alone(122). The 
L452R mutation alone results in greater RBD-ACE2 receptor binding affinity and enhanced 
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escape from neutralising antibodies(123, 124). Lastly, the Delta variant contains the T478K 
mutation, located on the interface between the S protein and the ACE2 receptor when bound, 
which increases the electrostatic potential of the S protein and enhances binding affinity(125).

The Delta variant quickly became the dominant variant in the UK(126), US(127), 
Europe, and around the world(128). The mutations present in the Delta variant, enhanced the 
transmissibility of the virus as a result of increased binding affinity to the ACE2 receptor(109). 
It was estimated that the reproduction number of the Delta variant is 97% greater than non-
VOC/VOI and approximately three times that of the Alpha, Beta, and Gamma variants(110), 
which highlights the competitive advantage that this variant had over earlier ones and how it 
rapidly became the dominant strain globally. The fast replication rate of Delta likely contributes 
to its increased transmissibility compared to Alpha, Beta, and Gamma. From infected 
individuals, the Delta variant has been able to be detected by polymerase chain reaction (PCR) 
within the first four days from exposure, while non-Delta infections could only be detected 
after six days(129). Furthermore, viral loads of people infected with the Delta variant were 
found to be significantly higher than people infected with other strains(129), including 
Beta(130). Delta is also thought to better escape neutralisation, with the frequency of post-
vaccination infections much higher for the Delta variant than infections with the primary strain 
in India(131) and blood sera samples from individuals who had received one dose of a COVID-
19 vaccine showing minimal neutralisation of the Delta variant(132). 

The Delta variant is also associated with an increased disease severity. In Scotland, 
infection with the Delta variant was associated with an increased risk of hospitalisation 
(HR=1.85) compared to infection with the Alpha variant(133). Compared to non-VOC 
infections, North American retrospective cohort studies demonstrated that infection with Delta 
was associated with a 108%(134) or HR=2.3(100) increased risk of hospitalisation, a 234% 
increased risk for admission to an ICU, and a 132% increased risk of death(134). Lastly, a 
cross-sectional study of 6238 Delta and 3262 primary strain cases in India found that the risk 
of death was around 1.8 times higher for Delta infections, while Delta also infected and induced 
symptoms in a greater proportion of younger people (0-19 years old), compared to the primary 
strain(131). 

Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 
2021 in South Africa and Botswana before being detected in multiple countries and classified 
as a VOC on 26th November 2021(3). This variant contains over 30 S protein mutations(104), 
23 of which have been previously identified, including K417N, T478K, E484A, D614G, 
H655Y, P681H, and N501Y(135). 15 Omicron mutations are contained within the RBD(17) 
providing the variant with a significantly enhanced binding affinity to the ACE2 receptor(135, 
136). In addition, various single mutations harboured with the RBD of the Omicron variant 
impair the effectiveness of neutralising antibodies, including K417N, N440K, G446S, E484A, 
Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. 
Early data from South Africa demonstrated that the proportion of COVID-19 cases caused by 
the Omicron variant rose from 3% in early October, to 98% by early December(137). In late 
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December 2021, meanwhile, the doubling time for number of positive Omicron cases was 
between two and three in the UK, US, and much of Europe(138, 139), highlighting the 
transmissibility of this variant. The mutations harboured by Omicron that enhance its binding 
affinity(135, 136) and ability to escape neutralising antibodies(17) likely drove its rapid spread, 
as did its fast replication rate, which is around 70 times faster than the Delta and primary 
strains(140). The reinfection rate of Omicron has also been found to be significantly higher 
than that of previous variants in studies from Scotland(141) and South Africa(142). 

The Omicron variant has extensive but incomplete escape from naturally acquired and 
vaccine-induced immunity(143, 144). Compared to the Delta variant, Omicron requires around 
a ten-fold increased antibody titre to be neutralised, following vaccination with either Oxford-
AstraZeneca or Pfizer/BioNtech vaccines(145). Indeed, blood sera from individuals who had 
received two doses of the Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in 
neutralising antibody titres against the Omicron variant compared to the primary strain(146). 
T-cell responses to Omicron may remain intact, however. One preprint study demonstrated that 
70-80% of the T-cell response targeting the S protein was maintained in those vaccinated or 
with prior infection, while the magnitude of Omicron cross-reactive T-cells was like that of 
both Delta and Beta variants(147). Furthermore, data from Pfizer/BioNtech revealed that 80% 
of the epitopes in the Omicron variant S protein that are recognised by CD8+ T-cells were not 
affected by this variant’s mutations, following two-doses of the vaccine(146). T-cell responses 
induced from vaccine administration or prior infection may, therefore, provide some protection 
from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity 
than previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) 
was lower for Omicron infections compared to non-Omicron SARS-CoV-2 infections(137) 
while, compared to earlier infections associated with the Delta variant, Omicron-infected 
individuals had a lower risk of severe disease (aOR=0.3)(137). In December 2021 in England, 
Omicron cases were found to induce a significantly reduced risk of hospitalisation or 
presentation for emergency care in comparison to Delta cases(74, 75). The decreased disease 
severity inflicted by Omicron may be due to its reduced capacity for replication in lung tissue, 
which was found to be more than ten times less in lung tissue compared to Delta(140). 
Concordantly, the S protein of the Omicron variant is less efficient at cleaving the ACE2 
receptor and entering cells of lung organoids(145), while is also less able to cause fusion 
between lung cells compared to Delta(145), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.

Although the Omicron variant appears to manifest in mild disease, high case numbers 
may still result in many hospitalisations and deaths in those vulnerable to the virus. Omicron 
case numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly 
COVID-19 cases were reported in the week ending 25th December 2021, compared to the 
previous week, and the Omicron wave is said to have passed(148). Concerningly, global case 
numbers continue to rise rapidly(149) and many countries will continue to feel the pressure 
exerted by the wave of Omicron infections. 

 Variants of interest
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 Lambda
The Lambda variant, of the C.37 lineage, was first documented in Peru in December 

2020 and was designated as a VOI on 14th June 2021(3). This variant contains the S protein 
mutations; D614G, L452Q, and F490S(104). The L452Q mutation, located within the RBD, 
enhances binding affinity to the ACE2 receptor and increases the infectivity of Lambda(150), 
while,  together L452Q and F490S increase the resistance of this variant to vaccine-elicited 
antibody neutralisation(150). Furthermore, F490S was identified as being a high-risk mutation 
for enhancing abilities to escape neutralisation(150). 

Infectivity of the Lambda variant may be higher than that of Alpha, Gamma, and other 
D614G containing variants(151), suggesting that Lambda could potentially spread more 
rapidly and effectively. Additionally, compared to the primary SARS-CoV-2 virus, antibody 
neutralisation was found to be decreased by 3.05-fold for the Lambda variant, higher than that 
for Gamma (2.33-fold) and Alpha (2.03-fold) variants(151). However, findings suggest that 
the Lambda variant can be neutralised by monoclonal antibodies and current vaccines are 
protective against this variant(150). 

 Mu
The Mu variant, from the B.1.621 lineage, was first documented in Columbia in January 

2021 before receiving designation as a VOI on 30th August 2021(3). This variant contains the 
aforementioned S protein mutations E484K, N501Y, D614G, and P681H(104). Mu also 
contains the S protein mutation R346K, located within the RBD(104, 152), which may induce 
large binding free energy changes that disrupt the binding of antibodies to the S protein and 
enhance the ability of the variant to escape neutralisation(153). As discussed, the E484K, 
N501Y, D614G, and P681H mutations have been shown to increase transmissibility(80, 85, 
87, 105, 109, 112, 120, 121) and neutralisation escape(91, 106) suggesting that the Mu SARS-
CoV-2 variant is likely to be more infectious than the primary strain. 

Although the Lambda and Mu variants have been outcompeted by Delta and now 
Omicron, the development and spread of VOIs will need to be closely monitored and studied 
to appreciate their pathogenicity, transmissibility, and virulence. 

VUM
As of 25th January 2022, there are three VUM listed by the WHO(3) (table 1). 

Vaccinations 
The COVID-19 pandemic prompted a rapid international search for safe and effective 

vaccines against the SARS-CoV-2 virus. In line with previous vaccine development, including 
for both SARS-CoV and MERS-CoV, the S protein was a key target for COVID-19 vaccine 
development(154). As of 24th January 2022, 33 approved vaccines are in use in 197 countries, 
with ten vaccines having gained emergency use listing approval from the WHO(4), (table 2). 
As of 25th January 2022 there are 194 vaccines in pre-clinical development and 140 in clinical 
development(155). Numerous studies have explored the effectiveness of approved vaccines, 
however, large variations in vaccine effectiveness are reported. This variability is likely due to 
several factors in the studies including, the country, date, and population size of the study, as 
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well as the SARS-CoV-2 variants circulating during the study period. These factors, along with 
how the effectiveness is reported, mean that it is difficult to compare vaccines and fully 
understand how effective each vaccine is. Here, we review the COVID-19 vaccines in use 
around the world.

Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-

modified mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed 
through a collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, 
Germany)(156, 157). BNT162b2 gained WHO emergency use listing on 31st December 
2020(158) and, as of 24th January 2022, has been approved for use in 136 countries(4). 

Following administration of BNT162b2, a Th1-biased response is observed, with 
tumour necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all 
elevated following vaccination, compared to placebo(159, 160). Highest neutralisation titres 
are found between seven and fourteen days following the second dose(161), while those 
previously infected with COVID-19 showed a four-fold increase in antibody binding and a 18-
fold increase in neutralisation titres compared to previously uninfected individuals following 
two-doses(162). The BNT162b vaccine is well tolerated, with limited reactogenicity. Redness 
and swelling at injection site have been reported, however mild or moderate pain at the injection 
site is the most commonly reported reaction to vaccination(161). Fatigue, muscle pain, 
headache and chills are other commonly reported symptoms following BNT162b2 
administration(163). The rate of systemic reactions after a second dose of BNT162b has been 
found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an immunity-
boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an 
increased risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster 
infection(166). Although rare, allergic reaction or anaphylaxis has also been reported following 
administration of the BNT162b2 vaccine(163). Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

Oxford-AstraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee 

adenovirus ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed 
through collaboration between the University of Oxford and AstraZeneca (Cambridge, UK), 
this vaccine was given WHO emergency use listing on 16th February 2021(158) and has been 
approved for use in 137 countries, as of 24th January 2022(4). The WHO has granted emergency 
use listing to two versions of this vaccine (AZD1222 and Covishield) in order to utilise 
Covishield as part of their worldwide COVAX initiate, which is being produced by the Serum 
Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Following administration of AZD1222, significant antibody production, predominantly 
of IgG1 and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and 
TNFα, is seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising 
antibody response in 91% of participants, while a second dose resulted in 100% of participants 
producing neutralising antibodies(170). Mild and moderate itch, pain, redness, swelling, 
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tenderness, and warmth are common local reactions, while chills, fatigue, fever, headache, 
muscle ache, and nausea are commonly reported systemic reactions following AZD1222 
administration(170). Rare symptoms, including severe chest pain, nasal bleeding, and allergic 
reaction have been reported following AZD1222 administration(171). Table 2 outlines clinical 
trial and real-world data for vaccine effectiveness.

Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain 

the SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single 
dose(172). This vector was developed from the recombinant human adenovirus type 26 by the 
Janssen pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, 
US)(172) and was listed for WHO emergency use listing on 12th March 2021(158). As of 24th 
January 2022, Ad26.COV.2.S has been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, 
such as IgG, IgM, and IgA, and promotes several non-neutralising antibody responses, 
including activation of CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and 
TNFα(173, 174). Although neutralising antibody responses induced by Ad26.COV2.S are 
reduced against SARS-CoV-2 variants, non-neutralising antibody and T-cell responses have 
been found to be preserved against VOC(173), while a prior COVID-19 infection significantly 
increases levels of S protein-binding antibodies, antibody-dependent cellular cytotoxicity, and 
neutralising antibodies against VOCs including Beta and Delta(175). Ad26.COV.2.S is safe 
and well tolerated, with a large clinical trial demonstrating that headache, fatigue, and myalgia, 
are the most common systemic reactions, while injection-site pain is the most common local 
reaction following administration(172). Like other vaccines, Ad26.COV.2.S has been 
associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

Moderna – mRNA-1273
The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a 

lipid-nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has 
been prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 
2021(158), and as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, 
and IL-2 expression increased following administration(178-180), while neutralising antibody 
titres have been shown to significantly increase up until around 28 days following the second 
dose of the vaccine, and afterwards remain consistently high(181). Fatigue, muscle pain, 
headache, chills, joint pain, and injection-site pain/reaction are common adverse effects caused 
by the mRNA-1273 vaccine(163, 177), while serious adverse effects are often avoided(177, 
181). Serious adverse events, including allergic reaction and anaphylaxis are rare, but not 
inconceivable following mRNA-1273 administration(163). Table 2 outlines clinical trial and 
real-world data for vaccine effectiveness.

Other WHO emergency use listed COVID-19 vaccines
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In addition to the five COVID-19 vaccines described previously, five other vaccines 
have gained emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-
19 vaccine (Covilo) was developed by the Beijing Bio-Institute of Biological Products, a 
subsidiary of China National Biotec Group, and was given WHO emergency use listing on 7th 
May 2021(158). This vaccine is a 19nCoV-CDC-Tan-HB02 strain SARS-CoV-2 antigen that 
is produced in Vero cells, inactivated by β-propiolactone, and then purified and absorbed with 
aluminium hydroxide(182). Next, the CoronaVac vaccine, developed by Sinovac Biotech 
(Beijing, China), was listed for WHO emergency use on 1st June 2021(158). Like the BBIBP-
CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-adjuvanted, β-
propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 strain(183). 
Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the 
WHO On 3rd November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-
CoV2372), were both developed by Novavax (Maryland, United States) and the Coalition for 
Epidemic Preparedness Innovations (Oslo, Norway), and gained emergency use listing on 17st 
and 21th December 2021, respectively(186, 187). Both vaccines are manufactured using the 
same technology, and consist of a recombinant SARS-CoV-2 S protein nanoparticle 
administered with the adjuvant Matrix-M as a co-formulation(188). These vaccines produce 
similar immune responses to those already discussed. Studies assessing the efficacy of these 
vaccines are outlined in table 2. 

Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, 

around the world, vaccines have been developed, tested, and approved to combat COVID-19. 
As of 24th January 2022, 33 vaccines, including the ten described above, have been approved 
in at least one country(4). The remaining 23 approved vaccines are outlined in table 3.

Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the 

effectiveness of vaccines (table 2). Simultaneously, waning immunity following vaccination 
questions how long vaccines remain effective and highlights the importance of booster doses. 
Indeed, protection against SARS-CoV-2 following vaccination decreases over time, both in 
terms of antibody titres(189-191) and vaccine effectiveness(192-195). However, cellular 
responses, such as T-cell immunity, may persist for longer periods (196, 197). With a gradual 
loss of protection from SARS-CoV-2 following COVID-19 vaccination, many countries are 
now rolling out booster programmes with the aim of raising levels of immunity. 

Since booster programmes began, evidence that a booster vaccine dose enhances 
antibody and cellular responses has accumulated. Following a third dose of vaccine, 
neutralising antibody titres increase significantly(198-201) and, in some cases, to higher levels 
than after the primary two doses(198). Additionally, boosters have also been found to increase 
neutralising antibody titres against Beta, Gamma, Delta, and Omicron variants(199, 202, 203). 
T-cell response is also enhanced following a third dose(200, 204, 205). Together, enhancing 
neutralising antibody and cellular responses with a booster vaccine dose is likely to provide a 
greater level of protection than relying on immunity built through a primary regimen. 
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The antibody and cellular responses observed following booster vaccinations have been 
found to correlate with increased levels of protection against SAR-CoV-2 infection and severe 
illness. On 30th July 2021, Israel was the first country to offer a third dose of BNT162b2 to 
certain groups. Subsequently, several studies have revealed that those who received a third 
vaccine dose were significantly less likely to be infected or have severe disease with SARS-
CoV-2 compared to those who received two-doses(206-209). In those aged 60 or older, an 
observational study demonstrated that the rate of severe COVID-19 and death was lower in the 
boosted group by a factor of 17.9 and 14.7, respectively, compared to the non-boosted 
group(210). Booster doses of COVID-19 vaccine have been shown to be effective against 
infection with Delta(211, 212) and, to a lesser degree, Omicron variants(75, 145, 146, 212-
214) despite the numerous mutations harboured by these variants. Overall, increasing evidence 
is pointing towards the benefits of booster doses of COVID-19 vaccines, therefore it is expected 
that booster programmes will continue to roll out across the globe. Based on current evidence, 
the CDC recommend that the time interval for receiving a booster following the primary 
regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for 
Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson 
Ad26.COV2.S primary regimen(215). As the pandemic progresses and new variants emerge, 
variant-specific vaccines may require development, with pre-clinical studies demonstrating 
their efficacy(216) and pharmaceutical companies, such as Pfizer, advancing in variant-specific 
vaccine development(146). Policy makers should also consider when vaccine boosters will be 
given in the future and who will receive booster doses in the long-term. 

Emerging Treatments 
As more is learnt about the virus, the therapeutic strategy against COVID-19 develops. 

There are currently over two thousand ongoing trials assessing certain treatment strategies for 
COVID-19(217). Recently, antivirals including molnupiravir (Lagevrio) and 
nirmatrelvir/ritonavir (Paxlovid) have been approved in the UK(218, 219), US(220, 221), and 
Europe(222, 223) for treating COVID-19 in certain risk groups. Similarly, sotrovimab 
(Xevudy), a monoclonal antibody treatment, has recently been approved for use in treating 
certain COVID-19 patients in the UK(224), US(225), and Europe(226). These drugs have been 
shown to be effective at preventing poor clinical outcomes, including death, in those vulnerable 
to severe COVID-19 infection. Other drug treatments, such as janus kinase inhibitors, 
corticosteroids, and anti-inflammatories have contrasting evidence to support their use, and 
therefore, the use of specific drugs is either recommended for or against by certain treatment 
and management guidelines, which are discussed below. 

Guidelines
The treatment and management of COVID-19 is a continually evolving topic, however, 

health authorities have published and continue to update guidelines and recommendations for 
treating COVID-19. The WHO living guideline on COVID-19 and therapeutics is regularly 
updated, with the latest version, published on 14th January 2022 containing 14 
recommendations on COVID-19 treatment(227). In the UK, the National Institute for Health 
and Care Excellence (NICE)(228) and Medicines and Healthcare products Regulatory Agency 
(MHRA)(229) provide updated guidelines on COVID-19 treatment, while in Europe, the 
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ECDC regularly publishes several guidelines providing recommendations on a range of 
COVID-19 related topics(230). In the US, the National Institutes of Health (NIH)(231) and the 
CDC(232) provide guidance on COVID-19 treatment and management, with the CDC 
supplying guidelines for specific groups including, employers, schools, health departments, 
and governments. 

Considerations for the future
Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of 

nature and it is, therefore, important that we learn from past pandemics to prepare for future 
ones. Firstly, the COVID-19 pandemic has highlighted and amplified the existing inequalities 
within society(233), with non-white ethnicity, social disadvantage, and unemployment all risk 
factors for testing positive for COVID-19(234) and those most economically deprived found 
to be particularly vulnerable(235). These inequalities require addressing to be better prepared 
for similar situations in the future. 

Next, to progress through a pandemic we should be racing the pathogen, not each other. 
This statement becomes apparent when you consider the problems countries faced when 
seeking out PPE(236), and the vaccine inequity seen around the world(237), with developed 
countries often better placed to be able to purchase these items. Initiatives such as the WHO’s 
COVAX programme are vital to protect those most vulnerable and reduce the global spread of 
disease. In October 2021, the UK government released a publication outlining where the 
policies implemented to reduce the impact of the COVID-19 pandemic failed, and the lessons 
learned from these failures (238). Here, there is room for improvement, with the publication 
presenting conclusions and recommendations on how to enhance pandemic preparedness, 
lockdown and social distancing measures, testing and contact tracing, social care, and vaccines. 
In countries such as the UK, US, and much of Europe, where the COVID-19 death rate has 
been high, steps need to be taken and lessons need to be learnt in order to be better prepared 
for the next pandemic. The responsibility of improving pandemic response lies with policy 
makers, the medical/scientific community, and the public, and will ultimately require a 
collaborative approach.

However, certain aspects of the response to the COVID-19 pandemic have been a 
triumph. One of the major victories was the rapid development and rollout of vaccines(239), 
which continue to be effective. The rollout of rapid testing and quarantine for positive cases 
was also important to at least disrupt the spread of the virus, especially given that asymptomatic 
individuals can contribute to the spread. Furthermore, the swift identification and sharing of 
knowledge of SARS-CoV-2 variants between countries should be applauded. Lessons can be 
learned from countries where COVID-19 was controlled. In Taiwan, managing the pandemic 
as directed by pre-COVID-19 pandemic plans prompted an immediate response; screening of 
all airline passengers arriving from Wuhan and high risk areas, restricting entry for non-
Taiwanese citizens, 14-day quarantine period for contacts of confirmed cases or returning 
travellers, a ban on large gatherings, and widespread mask wearing were some of the quickly 
implemented management strategies(240). New Zealand implemented similarly effective 
restrictions, with the addition of a national lockdown(240). Many of the pandemic control 
components that kept case and death numbers low in Taiwan and New Zealand could be 
adopted by other countries in the future and may lead to greater outcomes in terms of protecting 
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both health of individuals and the health and wellbeing of the country. Overall, there is much 
to be learnt from the COVID-19 pandemic and, as we emerge from it, inspection of which 
policies failed, and which succeeded are imperative.  

Conclusion
COVID-19 remains prevalent and life-threatening. Although rollout of vaccines has 

been successful as attaining a high global vaccination coverage and ensuring that all healthcare 
systems have the capacity to cope with seasonal waves are essential. With Omicron highly 
prevalent, we must continue to learn, develop therapeutics, and remain vigilant to new VOCs. 
Here, we have provided an overview of the virology of SARS-CoV-2, including the mutations 
harboured by variants of the virus and how these mutations effect its transmissibility and 
virulence. Lastly, we discussed the vaccines that have been developed and administered around 
the world and provided evidence supporting the rollout of booster doses. Future priorities 
should focus on continuing vaccination programmes and developing variant-specific vaccines 
as new mutations emerge. This, along with the expansion of our knowledge of SARS-CoV-2 
and which therapies are most successful to treat infections with it will ultimately lead to 
favourable outcomes moving forward.  

Research Questions
1) How will the SARS-CoV-2 virus mutate in the future, and which mutations will give a 

competitive advantage that will allow the virus to inflict disease to many people?
2) How do we keep up with the rapidly changing SARS-CoV-2 environment and ensure 

that vaccines remain effective?  
3) How do we manage the booster programme and when will future booster vaccinations 

be required in order to maintain high levels of immunity? 
4) How can we learn from the current and past pandemics so that we are better prepared 

for the next one? 
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Figure Legends: 

Figure 1: Genome and structure of SARS-CoV-2. A) SARS-CoV-2 genome and S 
protein amino acid composition. The SARS-CoV-2 genome is approximately 30,000 base 
pairs (bp) long and consists of open reading frames (ORF) and elements that are essential for 
the virus’ structure. The spike S protein is responsible for binding and entry into host cells. 
SARS-CoV-2 variants of concern (VOC) contain various S protein non-synonymous 
mutations that result in amino acid changes in the receptor binding domain (orange text) and 
the S1/S2 subunit interface (black text) which have been demonstrated to enhance 
transmissibility of the virus. VOC include Alpha (α), Beta (β), Gamma (γ), and Delta (δ). B) 
SARS-CoV-2 structure. SARS-CoV-2 is a RNA virus that has a crown-like appearance and 
contains four major structural proteins: nucleocapsid (N), spike (S), envelope (E), and 
membrane (M). C) S and ACE2 interaction. The SARS-CoV-2 S protein directly interacts 
with human angiotensin-converting enzyme 2 (ACE2) receptors in order to gain entry into 
host cells. The receptor binding domain (RBD) of the S protein tightly binds to ACE2. D) 
Spike protein structure. The S protein protrudes out from the main SARS-CoV-2 bulk and 
is comprised of two subunits: S1 and S2. S1 contains the RBD which directly interacts with 
the human ACE2 receptor, while the S1/S2 interface contains a furin cleavage site which is 
cleaved to allow S2 to fuse with the host cell membrane. Both the RBD and the S1/S2 
interface contain transmissibility increasing mutations that are harboured in variants of 
concern. 

Figure 2: Viral entry and host response. A) At the alveolar epithelial cell layer. Epithelial 
cells in the lungs express both angiotensin-converting enzyme 2 (ACE2) receptors and 
transmembrane protease serine 2 (TMPRSS2), allowing for infection by SARS-CoV-2. 
Replication of the virus within these cells induces an intense immune response that attracts 
monocytes, T-cells and macrophages and, in some cases, can result in a cytokine storm. B) 
Within nearby blood vessels. Cytokines produced by the epithelial cell layer are released 
into blood vessels supplying the infected tissue, which causes the recruitment of further 
immune cells to the area, driving the damaging inflammatory response further. Circulating 
cytokines also create a systemic inflammatory environment. C) Adaptive immune response. 
Circulating lymphocytes carry viral antigens to lymph nodes and bone marrow to begin the 
adaptive immune system processes whereby B-cells, and later antibodies, are activated. D) 
SARS-CoV2 host replication. The SARS-CoV-2 virus utilises the ACE2 receptor and 
TMPRSS2 to gain entry into human cells. Following release of the viral RNA within the host 
cell, the virus utilises the host endoplasmic reticulum (ER) and Golgi apparatus to produce 
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and manufacture new viral particles, which are released out of the cell to infect other cells 
and new hosts. 

Table 1: SARS-CoV-2 variants and their S protein mutations. *first detection worldwide. 
Information correct as of 24th January 2022.

Table 2: Vaccine effectiveness of vaccines that have gained WHO emergency use listing. 
*Adjusted for covariates when reported by study, dates are reported in dd/mm/yyyy format. 
Vaccine effectiveness days/months refers to days/months since vaccination dose. Information 
correct as of reported conclusion date of each study. 

Table 3: COVID-19 vaccines approved in at least one country. Information correct as of 
24th January 2022.
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Abstract
As of 25th January 2022, there have been over 349 million confirmed cases of COVID-

19, with over 5.59 million confirmed deaths associated with the SARS-CoV-2 virus. The 
COVID-19 pandemic has prompted an extensive, global effort to study the molecular evolution 
of the virus and develop vaccines to combat its spread. Although rigorous determination of 
SARS-CoV-2 infectivity remains elusive, due to the continuous evolution of the virus, steps 
have been made to understand its genome, structure, and emerging genetic mutations. The 
SARS-CoV-2 genome is composed of a number ofseveral open reading frames (ORFs) and 
structural proteins, including the spike protein, which is essential for entry into host cells. As 
of 25th January 2022, the WHO reports five variants of concern (VOC) two variants of interest 
(VOI) and three variants under monitoring (VUM). The mutations harboured in these variants 
confer an increased transmissibility, severity of disease, and escape from neutralising 
antibodies compared to the primary strain. The current vaccine strategy, including booster 
doses, provides protection from severe disease. As of 24th January 2022, there are 33 approved 
vaccines in use in 197 countries. In this review, we discuss the genetics, structure and 
transmission methods of SARS-CoV-2 and its variants, highlighting how mutations provide 
enhanced abilities to spread and inflict disease. We also outline the vaccines currently in use 
around the world, providing evidence for the immunogenicity and effectiveness of each. 

1. Introduction
There are seven coronaviruses that infect humans, all belonging to either alpha- or beta-

coronavirus subgroups, including 229E (alpha), NL63 (alpha), OC43 (beta), and HKU1 
(beta)(1). Over the last two decades, three notable beta-coronaviruses, severe acute respiratory 
syndrome coronavirus (SARS-CoV) in 2002, Middle East respiratory syndrome coronavirus 
(MERS-CoV) in 2011, and most recently, severe acute respiratory syndrome 2 (SARS-CoV-
2) in 2019, have emerged and caused severe illness resulting in debilitating disease and 
worldwide fatalities. SARS-CoV-2 is the pathogen responsible for the current Coronavirus 
2019 (COVID-19) pandemic and has caused more than 5.59 million deaths in approximately 
two years and resulted in multisystem illness in several million people(2).  

All viruses change and mutate over time, with most changes having little to no impact. 
However, some mutations may alter its pathogenic or transmission potential and could, 
therefore, increase disease severity or hinder the effectiveness of vaccines and therapeutic 
strategies. The World Health Organisation (WHO) (3) classify SARS-CoV-2 variants that 
increase transmissibility, disease severity or virulence, or decrease the effectiveness of public 
health measures, diagnostics, therapeutics, or vaccines as variants of concern (VOC). Variants 
with genetic changes that are predicted to enhance the virulence and transmissibility of the 
virus which have been identified to cause community transmission in multiple countries posing 
a possible risk to global public health are defined as variants of interest (VOI). Lastly, the WHO 
defines variants with genetic changes that are suspected to affect virus characteristics and have 
currently unclear phenotypic or epidemiological effects as variants under monitoring (VUM). 
VUM are not typically assigned a name until they are upgraded to VOI or VOC. The full 
working definitions of VOC, VOI and VUM can be found on the WHO ‘tracking SARS-CoV-2 
variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-variants/(3). As of 25th 
January 2022, the WHO reports five VOC; Alpha, Beta, Gamma, Delta and Omicron, two VOI; 
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Lambda and Mu, and three VUM(3). Former VOC/VOI/VUM have been reclassified as 
‘formerly monitored variants’ due to them either no longer circulating, having little impact on 
the epidemiological situation, or having no concerning properties(3). Since the beginning of 
the COVID-19 pandemic, the rapid development of effective COVID-19 vaccines has taken 
place around the world. As of 24th January 2022, there are 33 approved vaccines in use in 197 
countries, with ten vaccines having gained emergency use listing approval from the WHO(4).

In this review, we provide an overview of the genome and structure of SARS-CoV-2, 
describing how these elements allow the virus to infect and replicate inside of host cells, before 
outlining how certain mutations harboured by SARS-CoV-2 variants enhance these abilities. 
Next, we examine the current state of vaccine development around the world and provide 
evidence of the effectiveness of booster doses. 

2. Methods
We searched PubMed and Embase databases for COVID-19-related articles published 

between 1st January 2020 and 25th January 2022 and for general coronavirus-related articles 
published from 1st January 2000 onwards. Our search terms included SARS-CoV-2, COVID-
19, and specific terms including virology, genome, variants, and vaccine. Additional, specific 
search terms are outlined in supplementary file 1. We performed further manual searching for 
additional articles and data using relevant databases, including who.int, gov.uk, and 
ecdc.europa.eu/en. Due to the rapidly evolving nature of the literature involving SARS-CoV-
2, we also searched preprint databases including MedRxiv and BioRxiv. Due to the various 
topics addressed here, studies were selected through different criteria, details of which can be 
found in supplementary file 1. Overall, studies were selected based on quality and impact factor 
of publishingjournal reputation, with real-world studies with large sample sizes of greatest 
interest. 

3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19
SARS-CoV-2 is predominantly spread via respiratory droplet transmission, spreading 

between people through close contact, coughing, or sneezing. It has been documented that the 
virus can also spread through airborne transmission, fomite transmission, and via other modes, 
such as through biological material including urine and faeces, and through (5, 6). The SARS-
CoV-2 virus may survive on surfaces or suspended in air droplets for long periods of time. 
Indeed, on plastic, stainless steel, and glass surfaces, the half-life of the virus is around 5.3, 4.4, 
and 4.2 hours, respectively(7), with no difference seen between SARS-CoV-2 variants(8). 
Although SARS-CoV-2 can be detected on inanimate surfaces for hours and days, due to the 
evaporation of water droplets, the viruses’ living environment, the concentration of the virus 
plummets rapidly(9). Protective measures, including using personal protective equipment 
(PPE), maintaining indoor ventilation, and disinfecting hands and surfaces, can effectively 
limit the spread of SARS-CoV-2(10). 

Once inside the airways, SARS-CoV-2 can directly or indirectly infect ciliated, mucus-
secreting, and club cells of bronchial epithelium, type 1 pneumocytes within the lungs, and the 
conjunctival mucosa(11). The clinical presentation of COVID-19 is non-specific, 
heterogeneous, and infection can result in a wide spectrum of symptoms. Following an 
incubation period of 4-14 days, symptoms develop ranging from mild to severe disease and, in 
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some cases, can result in death(12). The most common COVID-19 symptoms include fever, 
cough, dyspnoea, and fatigue(13, 14), while myalgia, gastrointestinal issues, cognitive deficits, 
and other symptoms are reported. Asymptomatic individuals can also test positive for COVID-
19(15, 16). Although the entire population is susceptible to COVID-19 infection, some 
subgroups within the general population exist that are more susceptible to developing poorer 
clinical outcomes.

Risk factors associated with increased risk of hospitalisation, severe disease, and fatal 
outcome with COVID-19 have been identified. Older age(17-19), male sex(20, 21), non-white 
ethnicity(21, 22), comorbidities including diabetes, hypertension, and lung disease(18, 23-25), 
malignancy and immunodeficiency(26-28) have all been associated with more severe COVID-
19. The duration of symptoms endured by COVID-19 patients, as well as the treatment they 
receive will also have profound influences on the severity of disease they experience and both 
the acute and long-term outcomes following recovery. The host genetic background is thought 
to have an influence on the susceptibility and severity of COVID-19, possibly explaining the 
broad spectrum of clinical manifestations that can develop in seemingly similar individuals. A 
study examining individuals with COVID-19 across numerous ancestry groups identified four 
gene loci associated with susceptibility to COVID-19; SLC6A20, RPL24, ABO, PLEKHA4, 
and nine associated with increased risk of severe COVID-19; LZTFL1, FOXP4, TMEM65, 
OAS1, KANSL1, TAC4, DPP9, RAVER1, and IFNAR2(29). Meanwhile, genome-wide 
association studies spanning across Europe, the United States (US), and the United Kingdom 
(UK) identified a gene cluster on chromosome three (chr3p21.31) as being strongly linked with 
susceptibility and severity of COVID-19(30, 31). Polymorphisms in the angiotensin-
converting enzyme 2 (ACE2) receptor and transmembrane protease serine 2 (TMPRSS2) have 
also been shown to enhance SARS-CoV-2 viral entry(32, 33), with differential polymorphisms 
seen across ethnic populations, which may partly explain why certain ethnic groups are more 
susceptible to severe COVID-19. Increased ACE2 receptor levels have also been associated 
with other risk factors of COVID-19 including smoking and increasing age(34). The utilisation 
use  of polygenetic risk scores (PRS) may be useful in determining an individual’s risk for 
developing severe disease caused by COVID-19(35). A PRS infers a person’s risk of 
susceptibility to, or development of a certain disease based on the total number of genomic 
variations they possess. Determining PRS with the inclusion of comorbidities, such as chronic 
obstructive pulmonary disease(36), or other aspects, such as coagulation factors(37), may 
improve the usefulness of PRS in determining a person’s risk of severe COVID-19. 

4. Virology of SARS-CoV-2
SARS-CoV-2 is a positive-stranded ribonucleic acid (RNA) virus belonging to 

Coronaviridae family. Coronaviruses, which have crownlike appearances, are the largest 
known RNA viruses and are thought to primarily infect vertebrates(38, 39). SARS-CoV-2 
belongs to the beta genus of the coronaviruses and has a genome varying from 29.8kb to 29.9kb 
in size(40). Human coronaviruses (HCoV) genomes consist of a variable number of open 
reading frames (ORFs). Following the typical 5’-3’ order, the beginning two-thirds of the 
SARS-CoV-2 genome contains two ORFs, ORF1a and ORF1b which, inside the host cell, are 
translated at the rough endoplasmic reticulum into polyprotein 1a (pp1a) and polyprotein 1ab 
(pp1ab), respectively(40). These polyproteins are cleaved into 16 non-structural proteins (nsp); 
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nsp1-11, from pp1a and nsp12-16, from pp1ab. The proteolytic release of nsp1 occurs rapidly, 
which enables it to interfere with translation processes of the host cell by inducing cellular 
mRNA degradation(41-43). Nsp2-16 contain the viruses’ replication and transcription complex 
(RTC) and encode multiple enzymes with many functions including, proteases, helicase, 
polymerase, exo- and endo-nuclease, N7- and 2’O-methyltransferases, and de-ubiquitination 
enzymes(44, 45). The final third of HCoV genomes contain genes that encode structural and 
accessory proteins. The four major structural proteins encoded here are the nucleocapsid (N), 
membrane (M), envelope (E), and spike glycoprotein (S) proteins(46, 47). The N protein is 
associated with the viral RNA genome and is involved in RNA synthesis regulation and 
interacts with the M protein during viral budding(39, 48). The M protein is important for viral 
assembly, it contains a short N-terminal domain that projects onto the external surface of the 
envelope and a long internal C terminus(39). The E protein function is largely unknown; 
however, along with the N and M proteins, it is required for viral assembly and release(47) . 
Lastly, the S protein gives coronaviruses their characteristic spikes that compose their 
crownlike appearance. This protein projects through the viral envelope, is heavily glycosylated, 
and regulates host cell membrane receptor binding and fusion of the viral and cellular 
membrane(49). The functions of the eleven accessory proteins encoded within the one-third 
closest to the 3’ end of the SARS-CoV-2 genome are not fully understood. These accessory 
proteins are encoded by the ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, 
ORF9b, ORC9c, and ORF10 genes. Some of these proteins, including ORF3b, ORF6, ORF7a 
and ORF8 are interferon antagonists which impair the host cell immune response(50-53), while 
ORF3a may promote virus release(54) and is involved in apoptosis of host cells through 
caspase-3 activation(55). ORF9b and ORF9c are known to supress the host antiviral response 
by interacting with host cell organelles(56-58), while a clear understanding of the functions of 
ORF3c, ORF7b, and ORF10 remains elusive(59). Figure 1 (A and B) depicts the genome and 
structure of SARS-CoV-2.   

The S glycoprotein is composed of two functionally distinct subunits (S1 and 
S2) and is essential for viral entry into host cells. The N-terminal S1 domain of the protein 
contains the receptor-binding domain (RBD) that directly interacts with the ACE2 receptor on 
the host cell, the primary receptor that SARS-Cov-2 utilises for cell entry(60). The C-terminal 
S2 domain fuses the host and viral membranes to allow for entry of the viral genome into the 
host cell(61). The subunits of the trimeric S complex are either in a closed (pre-fusion stage) 
or open (post-fusion stage) conformation(62), with one subunit always in an open conformation 
to allow for ACE2 recognition and binding(63). The RBD itself consists of five anti-parallel β-
strands surrounded by several α-helices(64). From closed to open conformation, the RBD 
undergoes structural rearrangement whereby the globular head region rotates clockwise, which 
alters is elecropotential surface(64). Once positioned, numerous residues within the RBD form 
either hydrogen bonds or salt bridges with residues of the ACE2 receptor, allowing for tight 
binding(65), while the concave structure of the RBD allows for three distinct binding 
regions(64). Following binding between the S protein and the host cell receptor, host cell 
proteases cleave the S protein, causing the release of the S2 domain which allows for fusion 
and cell entry(66). Figure 1 (C and D) demonstrate the structure and function of the S protein. 

The ACE2 receptor is expressed in numerous cell types throughout the human body, 
including in the lungs, oral and nasal mucosa, heart, gastrointestinal tract, kidneys, liver, 
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spleen, and brain(67), highlighting the widespread infection that SARS-CoV-2 can inflict. 
Meanwhile, TMPRSS2, a host cell protease, facilitates fusion of the viral and host cell 
membranes(68), and may play a role in the spread of the virus in the airways(68). Host cell 
cathepsin L may also aid in SARS-CoV-2 cell entry by cleaving the S protein(69). Indeed, a 
clinically approved protease inhibitor has been shown to block SARS-CoV-2 cell entry(70). 
Figure 2 depicts the mechanism by which SARS-CoV-2 gains entry into and replicates inside 
host cells, and overviews summarises the host cell immune response. 

5. Variants of SARS-CoV-2 
Most viral mutations have a limited impact on the viruses’ ability to infect, replicate, 

escape host immunity, and transmit, however, certain mutations may give a viral strain a 
competitive advantage and, through natural selection, give it the ability to become dominant. 
Many of the mutations observed in SARS-CoV-2 variants are found within the RBD or the N-
terminal domain of the S protein, which alters the three-dimensional structure of the S protein. 
Not only can these changes affect the transmission abilities of the virus but can also allow it to 
better escape the immune response, including from neutralising antibodies either elicited 
through vaccine administration or natural infection. 

The SARS-CoV-2 virus has mutated numerous times, with estimates suggesting that 
circulating lineages acquire nucleotide mutations at rates of around one to two mutations per 
month(71). The current method of identifying variants relies on the use of genomic testing such 
as whole genome sequencing, partial S-gene sequencing, or nucleic acid amplification 
technique (NAAT)-based assays(72). The aspects of different variants that most people 
experience, however, is the clinical symptoms they inflict. Certain variants induce a greater 
risk of severe disease and death, such as Alpha and Delta(73), while others are more likely to 
induce milder symptoms, such as Omicron(74, 75). Moreover, individual symptoms can differ 
between variants. For example, the Gamma variant is associated inflicting anosmia and 
dysgeusia(76), which is less commonly seen in Omicron infections. Moving forward, the 
clinical themes and symptoms associated with emerging variants should be elucidated rapidly 
in order for the  so that the public and healthcare professionals can to rapidly identify possible 
cases of COVID-19. 

The WHO have tracked and monitored SARS-CoV-2 variants since the COVID-19 
pandemic began to identify VOCs. As of 25th January 2022, the WHO reports five VOC, two 
VOI, and three VUM(3) (Table 1). Herein, we report studies that compare SARS-CoV-2 
variants to the ‘primary’ virus strain. ‘Primary strain’ refers to the strain of the virus that first 
emerged in Wuhan, China at the end of 2019 and spread around the world in the first wave of 
infections, which is often also referred to as the Wuhan-Hu-1, B.1, or wild-type strain.  

5.1 Variants of concern
5.1.1 Alpha 

The Alpha SARS-CoV-2 variant, of the B.1.1.7 lineage, was first documented in the 
UK in September 2020 and classified as a VOC on 18th December 2020(3, 77). This variant 
contains S protein mutations which have potential biological effects. Firstly, the S protein 
residue 501, a key contact residue within the RBD, forms a portion of the binding loop in the 
contact region of the ACE2 receptor, forms a hydrogen bond with the Y41 residue of the ACE2 

Page 50 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



receptor, and stabilises the ACE2 K353 residue(65, 78, 79). Alpha harbours an N501Y 
mutation which increases the binding affinity of the RBD to the ACE2 receptor(80). Next, the 
P681H mutation contained within the Alpha variant is located immediately adjacent to the 682-
685 furin cleavage site, at the interface of the S1 and S2 domains(81). The S1/S2 furin cleavage 
site prompts entry into respiratory epithelial cells and partly determines the transmissibility of 
the virus(82-84), while the P681H mutation makes the furin cleavage site less acidic, meaning 
it is more effectively recognised and cleaved(85, 86). Alpha also contains a D614G mutation, 
located within the S1/S2 furin cleavage site, which increases SARS-CoV-2 binding affinity to 
the ACE2 receptor and increases infectivity(87). Other mutations harboured within the Alpha 
variant enhance the ability of the virus to escape antibody detection, such as the two amino 
acid deletion at the sites 69-70 in the N-terminal domain of the S protein(88, 89), while other 
mutations demonstrate limited or no effects(90). In February 2021, viruses of the B.1.1.7 
lineage with the added S protein mutation E484K were identified, which may have threatened 
vaccine effectiveness due to the mutation conferring an increased resistance to neutralising 
vaccine-elicited and monoclonal antibodies(91). This mutation had limited effects, however, 
and variants containing it failed to dominate. 

Epidemiological studies explored the Alpha variant, with a case-control study of 27,633 
respiratory samples originating from 20 primary care centres in Madrid, Spain, finding that the 
probability of admission to an intensive care unit (ICU) was twice as high in patients infected 
with the Alpha variant compared to those infected with the primary strain(92)., 
Furthermore,while this variant became the dominant strain within four months, and led to an 
increase in disease burden as a result(92). 

Meanwhile in Cannes, France, infection with the Alpha variant was associated with a 
3.8-fold higher risk of transfer to an ICU or death compared to the primary strain, as determined 
through a retrospective cohort study of 158 COVID-19 patients(93). A large retrospective 
cohort study found that, dDuring the third COVID-19 wave in Ontario, Canada, where 91% of 
infections were caused by the Alpha variant, the risk of both hospitalisation (adjusted odds 
ratio (aOR)=1.57) and death (aOR=1.52) was higher compared to primary strain infections(94). 
Overall, the Alpha variant was approximately 50-70% more transmissible and was associated 
with a 30-60% increased risk of hospitalisation and death compared to the primary strain(95-
100).

The Alpha variant was found to have a minimal impact on the effectiveness of current 
vaccines(101, 102), while the risk of reinfection remained similar for this variant as with 
previous ones(103). On 3rd September 2021, the European Centre for Disease Prevention and 
Control (ECDC) reclassified the Alpha, and the Alpha+E484K mutation variants from a VOC 
to a ‘de-escalated variant’ (104). 

5.1.2 Beta
The Beta SARS-CoV-2 variant, of the B.1.351 lineage, was first documented in South 

Africa in May 2020(3). This variant contains five S protein mutations of interest: N501Y, 
E484K, D614G, K417N, and A701V. Like the Alpha variant, Beta contains the mutations 
N501Y, E484K, and D614G, which increase ACE2 receptor binding affinity(80, 87), increase 
virulence(105), and enhance resistance to neutralising antibodies(91, 106). The K417 residue 
of the SARS-CoV-2 S protein interacts with the D30 residue of the ACE2 receptor, forming a 
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salt bridge across the central contact region(65, 78), however, the K417N mutation appears to 
have a limited impact on ACE2 receptor binding(80). The A701V mutation is located close to 
the furin cleavage site but has a minimal impact on transmissibility or antibody resistance(101).

In a genomic and epidemiological study, it was concluded that the Beta SARS-CoV-2 
variant had a selective advantage over previous variants from its increased transmissibility and 
immune escape abilities(107, 108), while the E484K/N501K mutations significantly enhanced 
the binding affinity of Beta and, hence, increased its transmissibility(109). A retrospective 
cohort study of 22,068 participants found that infection with the Beta variant was associated 
with an increased hospitalisation risk compared to an infection with a non-VOC (hazard ratio 
(HR)=2.30)(100). Overall, Beta is approximately 25-50% more transmissible, is associated 
with a possible increase in risk of hospital mortality, and has enhanced resistance to antibody 
neutralisation compared to previous variants(107, 108, 110). 

5.1.3 Gamma 
The Gamma variant is of the P.1 lineage and was first reported in November 2020 from 

travellers returning to Japan from Brazil, and was later discovered in Brazil(3, 111). This 
variant contains the S protein mutations of interest; K417T, E484K, N501Y, D614G, and 
H655Y(104). As mentioned, the N501Y and D614G mutations increase ACE2 receptor 
binding affinity and increase infectivity of the virus(80, 87). The N501Y, K417N/T, and E484K 
mutation trinity, meanwhile, is shared by both Gamma and Beta variants, and is associated with 
enhanced infectivity and lethality compared to the N501Y mutation alone, possibly due to 
tighter binding of the S protein to the ACE2 receptor due to increased electrostatic 
contribution(112). Gamma also possesses the H655Y mutation which was found to provide 
enhanced viral escape abilities from multiple human monoclonal antibodies in vitro(113).  

The Gamma variant is associated with heightened transmissibility(109, 110, 114), with 
one study concluding that it possesses a 1.7- to 2.4-fold increased transmissibility compared to 
previous variants(115). Additionally, the wave of infections caused by the Gamma variant in 
Brazil was associated with a 13% increase in death rate compared to the previous wave, 
suggesting the greater virulence held by Gamma compared to previous viral strains(116). 

A surveillance study from seven European countries concluded that the Gamma variant 
was associated with a higher risk of hospitalisation (aOR=2.6) and admission to an ICU 
(aOR=2.2) when compared to non-VOC cases(117). In Manaus, Brazil the resurgence of 
COVID-19, despite high seroprevalence, suggested that the Gamma variant had a moderate 
resistance to neutralising antibodies(118), however, Gamma has been shown to be significantly 
less resistant to neutralising antibodies, compared to other variants, including Beta(119). 

5.1.4 Delta
The Delta variant, from the B.1.617.2 lineage, was first documented in India in October 

2020 and was classified as a VOC on 11th May 2021(3). Of the S protein mutations of interest, 
the aforementioned P681H and D614G are also harboured by the Delta variant(104) and 
similarly impacts its ACE2 receptor binding affinity and transmissibility(106, 120, 121). 
Unlike the E484K mutation seen in previous variants, Delta contains the E484Q mutation 
which, along with a L452R mutation also located within the RBD, causes significantly higher 
affinity for the ACE2 receptor than the primary strain or the E484K mutation alone(122). The 
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L452R mutation alone results in greater RBD-ACE2 receptor binding affinity and enhanced 
escape from neutralising antibodies(123, 124). Lastly, the Delta variant contains the T478K 
mutation, located on the interface between the S protein and the ACE2 receptor when bound, 
which increases the electrostatic potential of the S protein and enhances binding affinity(125).

The Delta variant quickly became the dominant variant in the UK(126), US(127), 
Europe, and around the world(128). The mutations present in the Delta variant, enhanced the 
transmissibility of the virus as a result of increased binding affinity to the ACE2 receptor(109). 
It was estimated that the reproduction number of the Delta variant is 97% greater than non-
VOC/VOI and approximately three times that of the Alpha, Beta, and Gamma variants(110), 
which highlights the competitive advantage that this variant had over earlier ones and how it 
rapidly became the dominant strain globally. The fast replication rate of Delta likely contributes 
to its increased transmissibility compared to Alpha, Beta, and Gamma. From infected 
individuals, the Delta variant has been able to be detected by polymerase chain reaction (PCR) 
within the first four days from exposure, while non-Delta infections could only be detected 
after six days(129). Furthermore, viral loads of people infected with the Delta variant were 
found to be significantly higher than people infected with other strains(129), including 
Beta(130). Delta is also thought to better escape neutralisation, with the frequency of post-
vaccination infections much higher for the Delta variant than infections with the primary strain 
in India(131) and blood sera samples from individuals who had received one dose of a COVID-
19 vaccine showing minimal neutralisation of the Delta variant(132). 

The Delta variant is also associated with an increased disease severity. In Scotland, 
infection with the Delta variant was associated with an increased risk of hospitalisation 
(HR=1.85) compared to infection with the Alpha variant(133). Compared to non-VOC 
infections, North American retrospective cohort studies demonstrated that infection with Delta 
was associated with a 108%(134) or HR=2.3(100) increased risk of hospitalisation, a 234% 
increased risk for admission to an ICU, and a 132% increased risk of death(134). Lastly, a 
cross-sectional study of 6238 Delta and 3262 primary strain cases in India found that the risk 
of death was around 1.8 times higher for Delta infections, while Delta also infected and induced 
symptoms in a greater proportion of younger people (0-19 years old), compared to the primary 
strain(131). 

5.1.5 Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 
2021 in South Africa and Botswana before being detected in multiple countries and classified 
as a VOC on 26th November 2021(3). This variant contains over 30 S protein mutations(104), 
23 of which have been previously identified, including K417N, T478K, E484A, D614G, 
H655Y, P681H, and N501Y(135). 15 Omicron mutations are contained within the RBD(17) 
providing the variant with a significantly enhanced binding affinity to the ACE2 receptor(135, 
136). In addition, various single mutations harboured with the RBD of the Omicron variant 
impair the effectiveness of neutralising antibodies, including K417N, N440K, G446S, E484A, 
Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. 
Early data from South Africa demonstrated that the proportion of COVID-19 cases caused by 
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the Omicron variant rose from 3% in early October, to 98% by early December(137). In late 
December 2021, meanwhile, the doubling time for number of positive Omicron cases was 
between two and three in the UK, US, and much of Europe(138, 139), highlighting the 
transmissibility of this variant. The mutations harboured by Omicron that enhance its binding 
affinity(135, 136) and ability to escape neutralising antibodies(17) likely drove its rapid spread, 
as did its fast replication rate, which is around 70 times faster than the Delta and primary 
strains(140). The reinfection rate of Omicron has also been found to be significantly higher 
than that of previous variants in studies from Scotland(141) and South Africa(142). 

The Omicron variant has extensive but incomplete escape from naturally acquired and 
vaccine-induced immunity(143, 144). Compared to the Delta variant, Omicron requires around 
a ten-fold increased antibody titre to be neutralised, following vaccination with either Oxford-
AstraZeneca or Pfizer/BioNtech vaccines(145). Indeed, blood sera from individuals who had 
received two doses of the Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in 
neutralising antibody titres against the Omicron variant compared to the primary strain(146). 
T-cell responses to Omicron may remain intact, however. One preprint study demonstrated that 
70-80% of the T-cell response targeting the S protein was maintained in those vaccinated or 
with prior infection, while the magnitude of Omicron cross-reactive T-cells was like that of 
both Delta and Beta variants(147). Furthermore, data from Pfizer/BioNtech revealed that 80% 
of the epitopes in the Omicron variant S protein that are recognised by CD8+ T-cells were not 
affected by this variant’s mutations, following two-doses of the vaccine(146). T-cell responses 
induced from vaccine administration or prior infection may, therefore, provide some protection 
from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity 
than previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) 
was lower for Omicron infections compared to non-Omicron SARS-CoV-2 infections(137) 
while, compared to earlier infections associated with the Delta variant, Omicron-infected 
individuals had a lower risk of severe disease (aOR=0.3)(137). In December 2021 in England, 
Omicron cases were found to induce a significantly reduced risk of hospitalisation or 
presentation for emergency care in comparison to Delta cases(74, 75). The decreased disease 
severity inflicted by Omicron may be due to its reduced capacity for replication in lung tissue, 
which was found to be more than ten times less in lung tissue compared to Delta(140). 
Concordantly, the S protein of the Omicron variant is less efficient at cleaving the ACE2 
receptor and entering cells of lung organoids(145), while is also less able to cause fusion 
between lung cells compared to Delta(145), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.

Although the Omicron variant appears to manifest in mild disease, high case numbers 
may still result in many hospitalisations and deaths in those vulnerable to the virus. Omicron 
case numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly 
COVID-19 cases were reported in the week ending 25th December 2021, compared to the 
previous week, and the Omicron wave is said to have passed(148). Concerningly, global case 
numbers continue to rise rapidly(149) and many countries will continue to feel the pressure 
exerted by the wave of Omicron infections. 
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5.2 Variants of interest
5.2.1 Lambda

The Lambda variant, of the C.37 lineage, was first documented in Peru in December 
2020 and was designated as a VOI on 14th June 2021(3). This variant contains the S protein 
mutations; D614G, L452Q, and F490S(104). The L452Q mutation, located within the RBD, 
enhances binding affinity to the ACE2 receptor and increases the infectivity of Lambda(150), 
while,  together L452Q and F490S increase the resistance of this variant to vaccine-elicited 
antibody neutralisation(150). Furthermore, F490S was identified as being a high-risk mutation 
for enhancing abilities to escape neutralisation(150). 

Infectivity of the Lambda variant may be higher than that of Alpha, Gamma, and other 
D614G containing variants(151), suggesting that Lambda could potentially spread more 
rapidly and effectively. Additionally, compared to the primary SARS-CoV-2 virus, antibody 
neutralisation was found to be decreased by 3.05-fold for the Lambda variant, higher than that 
for Gamma (2.33-fold) and Alpha (2.03-fold) variants(151). However, findings suggest that 
the Lambda variant can be neutralised by monoclonal antibodies and current vaccines are 
protective against this variant(150). 

5.2.2 Mu
The Mu variant, from the B.1.621 lineage, was first documented in Columbia in January 

2021 before receiving designation as a VOI on 30th August 2021(3). This variant contains the 
aforementioned S protein mutations E484K, N501Y, D614G, and P681H(104). Mu also 
contains the S protein mutation R346K, located within the RBD(104, 152), which may induce 
large binding free energy changes that disrupt the binding of antibodies to the S protein and 
enhance the ability of the variant to escape neutralisation(153). As discussed, the E484K, 
N501Y, D614G, and P681H mutations have been shown to increase transmissibility(80, 85, 
87, 105, 109, 112, 120, 121) and neutralisation escape(91, 106) suggesting that the Mu SARS-
CoV-2 variant is likely to be more infectious than the primary strain. 

Although the Lambda and Mu variants have been outcompeted by Delta and now 
Omicron, the development and spread of VOIs will need to be closely monitored and studied 
to appreciate their pathogenicity, transmissibility, and virulence. 

5.3 VUM
As of 25th January 2022, there are three VUM listed by the WHO(3) (table 1). 

6. Vaccinations 

The COVID-19 pandemic prompted a rapid international search for safe and effective 
vaccines against the SARS-CoV-2 virus. In line with previous vaccine development, including 
for both SARS-CoV and MERS-CoV, the S protein was a key target for COVID-19 vaccine 
development(154). As of 24th January 2022, 33 approved vaccines are in use in 197 countries, 
with ten vaccines having gained emergency use listing approval from the WHO(4), (table 2). 
As of 25th January 2022 there are 194 vaccines in pre-clinical development and 140 in clinical 
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development(155). Numerous studies have explored the effectiveness of approved vaccines, 
however, large variations in vaccine effectiveness are reported. This variability is likely due to 
several factors in the studies including, the country, date, and population size of the study, as 
well as the SARS-CoV-2 variants circulating during the study period. These factors, along with 
how the effectiveness is reported, mean that it is difficult to compare vaccines and fully 
understand how effective each vaccine is. Here, we review the COVID-19 vaccines in use 
around the world.

6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-

modified mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed 
through a collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, 
Germany)(156, 157). BNT162b2 gained WHO emergency use listing on 31st December 
2020(158) and, as of 24th January 2022, has been approved for use in 136 countries(4). 

Following administration of BNT162b2, a Th1-biased response is observed, with 
tumour necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all 
elevated following vaccination, compared to placebo(159, 160). Highest neutralisation titres 
are found between seven and fourteen days following the second dose(161), while those 
previously infected with COVID-19 showed a four-fold increase in antibody binding and a 18-
fold increase in neutralisation titres compared to previously uninfected individuals following 
two-doses(162). The BNT162b vaccine is well tolerated, with limited reactogenicity. Redness 
and swelling at injection site have been reported, however mild or moderate pain at the injection 
site is the most commonly reported reaction to vaccination(161). Fatigue, muscle pain, 
headache and chills are other commonly reported symptoms following BNT162b2 
administration(163). The rate of systemic reactions after a second dose of BNT162b has been 
found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an immunity-
boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an 
increased risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster 
infection(166). Although rare, allergic reaction or anaphylaxis has also been reported following 
administration of the BNT162b2 vaccine(163). Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

6.2 Oxford-AstraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee 

adenovirus ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed 
through collaboration between the University of Oxford and AstraZeneca (Cambridge, UK), 
this vaccine was given WHO emergency use listing on 16th February 2021(158) and has been 
approved for use in 137 countries, as of 24th January 2022(4). The WHO has granted emergency 
use listing to two versions of this vaccine (AZD1222 and Covishield) in order to utilise 
Covishield as part of their worldwide COVAX initiate, which is being produced by the Serum 
Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Page 56 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Following administration of AZD1222, significant antibody production, predominantly 
of IgG1 and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and 
TNFα, is seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising 
antibody response in 91% of participants, while a second dose resulted in 100% of participants 
producing neutralising antibodies(170). Mild and moderate itch, pain, redness, swelling, 
tenderness, and warmth are common local reactions, while chills, fatigue, fever, headache, 
muscle ache, and nausea are commonly reported systemic reactions following AZD1222 
administration(170). Rare symptoms, including severe chest pain, nasal bleeding, and allergic 
reaction have been reported following AZD1222 administration(171). Table 2 outlines clinical 
trial and real-world data for vaccine effectiveness.

6.3 Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain 

the SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single 
dose(172). This vector was developed from the recombinant human adenovirus type 26 by the 
Janssen pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, 
US)(172) and was listed for WHO emergency use listing on 12th March 2021(158). As of 24th 
January 2022, Ad26.COV.2.S has been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, 
such as IgG, IgM, and IgA, and promotes several non-neutralising antibody responses, 
including activation of CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and 
TNFα(173, 174). Although neutralising antibody responses induced by Ad26.COV2.S are 
reduced against SARS-CoV-2 variants, non-neutralising antibody and T-cell responses have 
been found to be preserved against VOC(173), while a prior COVID-19 infection significantly 
increases levels of S protein-binding antibodies, antibody-dependent cellular cytotoxicity, and 
neutralising antibodies against VOCs including Beta and Delta(175). Ad26.COV.2.S is safe 
and well tolerated, with a large clinical trial demonstrating that headache, fatigue, and myalgia, 
are the most common systemic reactions, while injection-site pain is the most common local 
reaction following administration(172). Like other vaccines, Ad26.COV.2.S has been 
associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

6.4 Moderna – mRNA-1273
The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a 

lipid-nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has 
been prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 
2021(158), and as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, 
and IL-2 expression increased following administration(178-180), while neutralising antibody 
titres have been shown to significantly increase up until around 28 days following the second 
dose of the vaccine, and afterwards remain consistently high(181). Fatigue, muscle pain, 
headache, chills, joint pain, and injection-site pain/reaction are common adverse effects caused 
by the mRNA-1273 vaccine(163, 177), while serious adverse effects are often avoided(177, 
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181). Serious adverse events, including allergic reaction and anaphylaxis are rare, but not 
inconceivable following mRNA-1273 administration(163). Table 2 outlines clinical trial and 
real-world data for vaccine effectiveness.

6.5 Other WHO emergency use listed COVID-19 vaccines
In addition to the five COVID-19 vaccines described previously, five other vaccines 

have gained emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-
19 vaccine (Covilo) was developed by the Beijing Bio-Institute of Biological Products, a 
subsidiary of China National Biotec Group, and was given WHO emergency use listing on 7th 
May 2021(158). This vaccine is a 19nCoV-CDC-Tan-HB02 strain SARS-CoV-2 antigen that 
is produced in Vero cells, inactivated by β-propiolactone, and then purified and absorbed with 
aluminium hydroxide(182). Next, the CoronaVac vaccine, developed by Sinovac Biotech 
(Beijing, China), was listed for WHO emergency use on 1st June 2021(158). Like the BBIBP-
CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-adjuvanted, β-
propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 strain(183). 
Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the 
WHO On 3rd November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-
CoV2372), were both developed by Novavax (Maryland, United States) and the Coalition for 
Epidemic Preparedness Innovations (Oslo, Norway), and gained emergency use listing on 17st 
and 21th December 2021, respectively(186, 187). Both vaccines are manufactured using the 
same technology, and consist of a recombinant SARS-CoV-2 S protein nanoparticle 
administered with the adjuvant Matrix-M as a co-formulation(188). These vaccines produce 
similar immune responses to those already discussed. Studies assessing the efficacy of these 
vaccines are outlined in table 2. 

6.10 Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, 

around the world, vaccines have been developed, tested, and approved to combat COVID-19. 
As of 24th January 2022, 33 vaccines, including the ten described above, have been approved 
in at least one country(4). The remaining 23 approved vaccines are outlined in table 3.

6.11 Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the 

effectiveness of vaccines (table 2). Simultaneously, waning immunity following vaccination 
questions how long vaccines remain effective and highlights the importance of booster doses. 
Indeed, protection against SARS-CoV-2 following vaccination decreases over time, both in 
terms of antibody titres(189-191) and vaccine effectiveness(192-195). However, cCellular 
responses, such as T-cell immunity, may persist for longer periods, however(196, 197). With 
a gradual loss of protection from SARS-CoV-2 following COVID-19 vaccination, many 
countries are now rolling out booster programmes with the aim of raising levels of immunity. 

Since booster programmes began, evidence that a booster vaccine dose enhances 
antibody and cellular responses has accumulated. Following a third dose of vaccine, 
neutralising antibody titres increase significantly(198-201) and, in some cases, to higher levels 
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than after the primary two doses(198). Additionally, boosters have also been found to increase 
neutralising antibody titres against Beta, Gamma, Delta, and Omicron variants(199, 202, 203). 
T-cell response is also enhanced following a third dose(200, 204, 205). Together, enhancing 
neutralising antibody and cellular responses with a booster vaccine dose is likely to provide a 
greater level of protection than relying on immunity built through a primary regimen. 

The antibody and cellular responses observed following booster vaccinations have been 
found to correlate with increased levels of protection against SAR-CoV-2 infection and severe 
illness. On 30th July 2021, Israel was the first country to offer a third dose of BNT162b2 to 
certain groups. Subsequently, several studies have revealed that those who received a third 
vaccine dose were significantly less likely to be infected or have severe disease with SARS-
CoV-2 compared to those who received two-doses(206-209). In those aged 60 or older, an 
observational study demonstrated that the rate of severe COVID-19 and death was lower in the 
boosted group by a factor of 17.9 and 14.7, respectively, compared to the non-boosted 
group(210). Booster doses of COVID-19 vaccine have been shown to be effective against 
infection with Delta(211, 212) and, to a lesser degree, Omicron variants(75, 145, 146, 212-
214) despite the numerous mutations harboured by these variants. Overall, increasing evidence 
is pointing towards the benefits of booster doses of COVID-19 vaccines, therefore it is expected 
that booster programmes will continue to roll out across the globe. Based on current evidence, 
the CDC recommend that the time interval for receiving a booster following the primary 
regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for 
Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson 
Ad26.COV2.S primary regimen(215). As the pandemic progresses and new variants emerge, 
variant-specific vaccines may require development, with pre-clinical studies demonstrating 
their efficacy(216) and pharmaceutical companies, such as Pfizer, advancing in variant-specific 
vaccine development(146). Policy makers should also consider when vaccine boosters will be 
given in the future and who will receive booster doses in the long-term. 

7. Emerging Treatments 
As more is learnt about the virus, the therapeutic strategy against COVID-19 develops. 

There are currently over two thousand ongoing trials assessing certain treatment strategies for 
COVID-19(217). Recently, antivirals including molnupiravir (Lagevrio) and 
nirmatrelvir/ritonavir (Paxlovid) have been approved in the UK(218, 219), US(220, 221), and 
Europe(222, 223) for treating COVID-19 in certain risk groups. Similarly, sotrovimab 
(Xevudy), a monoclonal antibody treatment, has recently been approved for use in treating 
certain COVID-19 patients in the UK(224), US(225), and Europe(226). These drugs have been 
shown to be effective at preventing poor clinical outcomes, including death, in those vulnerable 
to severe COVID-19 infection. Other drug treatments, such as janus kinase inhibitors, 
corticosteroids, and anti-inflammatories have contrasting evidence to support their use, and 
therefore, the use of specific drugs is either recommended for or against by certain treatment 
and management guidelines, which are discussed below. 

8. Guidelines
The treatment and management of COVID-19 is a continually evolving topic, however, 

health authorities have published and continue to update guidelines and recommendations for 
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treating COVID-19. The WHO living guideline on COVID-19 and therapeutics is regularly 
updated, with the latest version, published on 14th January 2022 containing 14 
recommendations on COVID-19 treatment(227). In the UK, the National Institute for Health 
and Care Excellence (NICE)(228) and Medicines and Healthcare products Regulatory Agency 
(MHRA)(229) provide updated guidelines on COVID-19 treatment, while in Europe, the 
ECDC regularly publishes several guidelines providing recommendations on a range of 
COVID-19 related topics(230). In the US, the National Institutes of Health (NIH)(231) and the 
CDC(232) provide guidance on COVID-19 treatment and management, with the CDC 
supplying guidelines for specific groups including, employers, schools, health departments, 
and governments. 

9. Considerations for the future
Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of 

nature and it is, therefore, important that we learn from past pandemics to prepare for future 
ones. Firstly, the COVID-19 pandemic has highlighted and amplified the existing inequalities 
within society(233), with non-white ethnicity, social disadvantage, and unemployment all risk 
factors for testing positive for COVID-19(234) and those most economically deprived found 
to be particularly vulnerable(235). These inequalities require addressing to be better prepared 
for similar situations in the future. 

Next, to progress through a pandemic we should be racing the pathogen, not each other. 
This statement becomes apparent when you consider the problems countries faced when 
seeking out PPE(236), and the vaccine inequity seen around the world(237), with developed 
countries often better placed to be able to purchase these items. Initiatives such as the WHO’s 
COVAX programme are vital to protect those most vulnerable and reduce the global spread of 
disease. In October 2021, the UK government released a publication outlining where the 
policies implemented to reduce the impact of the COVID-19 pandemic failed, and the lessons 
learned from these failures (238). Here, it is clear that there is room for improvement, with the 
publication presenting conclusions and recommendations on how to enhance pandemic 
preparedness, lockdown and social distancing measures, testing and contact tracing, social care, 
and vaccines. In countries such as the UK, US, and much of Europe, where the COVID-19 
death rate has been high, steps need to be taken and lessons need to be learnt in order to be 
better prepared for the next pandemic. The responsibility of improving pandemic response lies 
with policy makers, the medical/scientific community, and the public, and will ultimately 
require a collaborative approach.

However, cCertain aspects of the response to the COVID-19 pandemic have been a 
triumph, however. One of the major victories was the rapid development and rollout of 
vaccines(239), which continue to be effective. The rollout of rapid testing and quarantine for 
positive cases was also important to at least disrupt the spread of the virus, especially given 
that asymptomatic individuals can contribute to the spread. Furthermore, the swift 
identification and sharing of knowledge of SARS-CoV-2 variants between countries should be 
applauded. Lessons can be learned from countries where COVID-19 was controlled. In Taiwan, 
managing the pandemic as directed by pre-COVID-19 pandemic plans prompted an immediate 
response; screening of all airline passengers arriving from Wuhan and high risk areas, 
restricting entry for non-Taiwanese citizens, 14-day quarantine period for contacts of 

Page 60 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



confirmed cases or returning travellers, a ban on large gatherings, and widespread mask 
wearing were some of the quickly implemented management strategies(240). New Zealand 
implemented similarly effective restrictions, with the addition of a national lockdown(240). 
Many of the pandemic control components that kept case and death numbers low in Taiwan 
and New Zealand could be adopted by other countries in the future and may lead to greater 
outcomes in terms of protecting both health of individuals and the health and wellbeing of the 
country. Overall, there is much to be learnt from the COVID-19 pandemic and, as we emerge 
from it, inspection of which policies failed, and which succeeded are imperative.  

10. Conclusion
COVID-19 remains prevalent and life-threatening. Although rollout of vaccines has 

been successful, we must aim to address unmet goals, such as attaining a high global 
vaccination coverage and ensuring that all healthcare systems have the capacity to cope with 
seasonal waves are essential. With Omicron highly prevalent, we must continue to learn, 
develop therapeutics, and remain vigilant to new VOCs. Here, we have provided an overview 
of the virology of SARS-CoV-2, including the mutations harboured by variants of the virus 
and how these mutations effect its transmissibility and virulence. Lastly, we discussed the 
vaccines that have been developed and administered around the world and provided evidence 
supporting the rollout of booster doses. Future priorities should focus on continuing vaccination 
programmes and developing variant-specific vaccines as new mutations emerge. This, along 
with the expansion of our knowledge of SARS-CoV-2 and which therapies are most successful 
to treat infections with it will ultimately lead to favourable outcomes moving forward.  

Research Questions
1) How will the SARS-CoV-2 virus mutate in the future, and which mutations will give a 

competitive advantage that will allow the virus to inflict disease to many people?
2) How do we keep up with the rapidly changing SARS-CoV-2 environment and ensure 

that vaccines remain effective?  
3) How do we manage the booster programme and when will future booster vaccinations 

be required in order to maintain high levels of immunity? 
4) How can we learn from the current and past pandemics so that we are better prepared 

for the next one? 
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Figure Legends: 

Figure 1: Genome and structure of SARS-CoV-2. A) SARS-CoV-2 genome and S 
protein amino acid composition. The SARS-CoV-2 genome is approximately 30,000 base 
pairs (bp) long and consists of open reading frames (ORF) and elements that are essential for 
the virus’ structure. The spike S protein is responsible for binding and entry into host cells. 
SARS-CoV-2 variants of concern (VOC) contain various S protein non-synonymous 
mutations that result in amino acid changes in the receptor binding domain (orange text) and 
the S1/S2 subunit interface (black text) which have been demonstrated to enhance 
transmissibility of the virus. VOC include Alpha (α), Beta (β), Gamma (γ), and Delta (δ). B) 
SARS-CoV-2 structure. SARS-CoV-2 is a RNA virus that has a crown-like appearance and 
contains four major structural proteins: nucleocapsid (N), spike (S), envelope (E), and 
membrane (M). C) S and ACE2 interaction. The SARS-CoV-2 S protein directly interacts 
with human angiotensin-converting enzyme 2 (ACE2) receptors in order to gain entry into 
host cells. The receptor binding domain (RBD) of the S protein tightly binds to ACE2. D) 
Spike protein structure. The S protein protrudes out from the main SARS-CoV-2 bulk and 
is comprised of two subunits: S1 and S2. S1 contains the RBD which directly interacts with 
the human ACE2 receptor, while the S1/S2 interface contains a furin cleavage site which is 
cleaved to allow S2 to fuse with the host cell membrane. Both the RBD and the S1/S2 
interface contain transmissibility increasing mutations that are harboured in variants of 
concern. 

Figure 2: Viral entry and host response. A) At the alveolar epithelial cell layer. Epithelial 
cells in the lungs express both angiotensin-converting enzyme 2 (ACE2) receptors and 
transmembrane protease serine 2 (TMPRSS2), allowing for infection by SARS-CoV-2. 
Replication of the virus within these cells induces an intense immune response that attracts 
monocytes, T-cells and macrophages and, in some cases, can result in a cytokine storm. B) 
Within nearby blood vessels. Cytokines produced by the epithelial cell layer are released 
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into blood vessels supplying the infected tissue, which causes the recruitment of further 
immune cells to the area, driving the damaging inflammatory response further. Circulating 
cytokines also create a systemic inflammatory environment. C) Adaptive immune response. 
Circulating lymphocytes carry viral antigens to lymph nodes and bone marrow to begin the 
adaptive immune system processes whereby B-cells, and later antibodies, are activated. D) 
SARS-CoV2 host replication. The SARS-CoV-2 virus utilises the ACE2 receptor and 
TMPRSS2 to gain entry into human cells. Following release of the viral RNA within the host 
cell, the virus utilises the host endoplasmic reticulum (ER) and Golgi apparatus to produce 
and manufacture new viral particles, which are released out of the cell to infect other cells 
and new hosts. 

Table 1: SARS-CoV-2 variants and their S protein mutations. *first detection worldwide. 
Information correct as of 24th January 2022.

Table 2: Vaccine effectiveness of vaccines that have gained WHO emergency use listing. 
*Adjusted for covariates when reported by study, dates are reported in dd/mm/yyyy format. 
Vaccine effectiveness days/months refers to days/months since vaccination dose. Information 
correct as of reported conclusion date of each study. 

Table 3: COVID-19 vaccines approved in at least one country. Information correct as of 
24th January 2022.
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believe these alterations and changes have significantly improved the review as a result. The reviewer’s 
comments are preceded by “Comment” and our response is preceded by “Response”. Where possible, we 
have included the in-text amendments after each response in italics. Any changes or additions to the text 
are also highlighted in the manuscript.

Editors’ comments:

Comment

1. Please provide a document labelled ‘response to reviewers’ which gives a point-by-point response 
to both the referees comments and those of the editors.

Response 

Thank you. This document provides a point-by-point response of both the editors and 
reviewers comments. 

Comment

2. Abstract: as the review is not a systematic review and therefore not classed as original Research, 
please remove the structured headings. The abstract should just summarise what the review is 
about in 2-300 words (ie the same as your BMJ review).

Response 

Thank you for the suggestion. We have updated the abstract and removed the structed 
headings. It now reads as following:

“Abstract

As of 25th January 2022, there have been over 349 million confirmed cases of COVID-19, with over 5.59 
million confirmed deaths associated with the SARS-CoV-2 virus. The COVID-19 pandemic has prompted 
an extensive, global effort to study the molecular evolution of the virus and develop vaccines to combat its 
spread. Although rigorous determination of SARS-CoV-2 infectivity remains elusive, due to the continuous 
evolution of the virus, steps have been made to understand its genome, structure, and emerging genetic 
mutations. The SARS-CoV-2 genome is composed of a number of open reading frames (ORFs) and 
structural proteins, including the spike protein, which is essential for entry into host cells. As of the  25th 
January 2022, the WHO reports five variants of concern (VOC) two variants of interest (VOI) and three 
variants under monitoring (VUM). The mutations harboured in these variants confer an increased 
transmissibility, severity of disease, and escape from neutralising antibodies compared to the primary 
strain. The current vaccine strategy, including booster doses, provides protection from severe disease. As 
of 24th January 2022, there are 33 approved vaccines in use in 197 countries. In this review, we discuss 
the genetics, structure and transmission methods of SARS-CoV-2 and its variants, highlighting how 
mutations provide enhanced abilities to spread and inflict disease. We also outline the vaccines currently 
in use around the world, providing evidence for the immunogenicity and effectiveness of each.”

Comment

3. Methods: please include the dates you searched from and to. Due to the additions requested below 
the end search date will be more current. Please provide more detail about the exclusion criteria 
(study design etc).

Response
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We have updated the dates we searched to and from. 
Due to the restrictions on the word count, we have provided some more information on selection 
criteria within the methods section, however, we have also provided a supplementary file describing 
the specific search terms and the inclusion/exclusion criteria that we used.

The methods section now reads as:

“We searched PubMed and Embase databases for COVID-19-related articles published between 1st 
January 2020 and 25th January 2022 and for general coronavirus-related articles published from 1st 
January 2000 onwards. Our search terms included SARS-CoV-2, COVID-19, and specific terms 
including virology, genome, variants, and vaccine. Additional, specific search terms are outlined in 
supplementary file 1. We performed further manual searching for additional articles and data using 
relevant databases, including who.int, gov.uk, and ecdc.europa.eu/en. Due to the rapidly evolving 
nature of the literature involving SARS-CoV-2, we also searched preprint databases including 
MedRxiv and BioRxiv. Due to the various topics addressed here, studies were selected through 
different criteria, details of which can be found in supplementary file 1. Overall, studies were selected 
based on quality and journal reputation, with real-world studies with large sample sizes of greatest 
interest.” 

Comment

4. OMICRON: Please can you include in relevant sections throughout the review what is known about 
the new OMICRON variant, and any other variants of interest.

Response

We have included a section dedicated to the Omicron variant in the variants of concern 
section, while relevant omicron studies have been included and discussed elsewhere, e.g. in 
the waning immunity and boosters section. 

This section now reads as:

“5.1.5 Omicron 

The Omicron variant is of the B.1.1.529 lineage and was first discovered in November 2021 in 
South Africa and Botswana before being detected in multiple countries and classified as a VOC on 
26th November 2021(3). This variant contains over 30 S protein mutations(100), 23 of which have 
been previously identified, including K417N, T478K, E484A, D614G, H655Y, P681H, and N501Y(131). 
15 Omicron mutations are contained within the RBD(17) providing the variant with a significantly 
enhanced binding affinity to the ACE2 receptor(131, 132). In addition, various single mutations 
harboured with the RBD of the Omicron variant impair the effectiveness of neutralising antibodies, 
including K417N, N440K, G446S, E484A, Q493K, G496S, G339D, S371L, and S375F(17).

The emergence of Omicron has been followed by a tidal wave of infections worldwide. Early 
data from South Africa demonstrated that the proportion of COVID-19 cases caused by the Omicron 
variant rose from 3% in early October, to 98% by early December(133). In late December 2021, 
meanwhile, the doubling time for number of positive Omicron cases was between two and three in 
the UK, US, and much of Europe(134, 135), highlighting the transmissibility of this variant. The 
mutations harboured by Omicron that enhance its binding affinity(131, 132) and ability to escape 
neutralising antibodies(17) likely drove its rapid spread, as did its fast replication rate, which is 
around 70 times faster than the Delta and wild-type strains(136). The reinfection rate of Omicron has 
also been found to be significantly higher than that of previous variants in studies from Scotland(137) 
and South Africa(138). 

The Omicron variant has extensive but incomplete escape from naturally acquired and vaccine-
induced immunity(139, 140). Compared to the Delta variant, Omicron requires around a ten-fold 
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increased antibody titre to be neutralised, following vaccination with either Oxford-AstraZeneca or 
Pfizer/BioNtech vaccines(141). Indeed, blood sera from individuals who had received two doses of the 
Pfizer/BioNtech vaccine exhibited more than a 25-fold reduction in neutralising antibody titres 
against the Omicron variant compared to the wild-type strain(142). T-cell responses to Omicron may 
remain intact, however. One preprint study demonstrated that 70-80% of the T-cell response 
targeting the S protein was maintained in those vaccinated or with prior infection, while the 
magnitude of Omicron cross-reactive T-cells was similar to that of both Delta and Beta variants(143). 
Furthermore, data from Pfizer/BioNtech revealed that 80% of the epitopes in the Omicron variant S 
protein that are recognised by CD8+ T-cells were not affected by this variant’s mutations, following 
two-doses of the vaccine(142). T-cell responses induced from vaccine administration or prior infection 
may, therefore, provide some protection from severe disease.

Recent real-world evidence has implied that Omicron infection is milder in severity than 
previous variants. In an early South African analysis, the risk of hospitalisation (aOR=0.2) was lower 
for Omicron infections compared to non-Omicron SARS-CoV-2 infections(133) while, compared to 
earlier infections associated with the Delta variant, Omicron-infected individuals had a lower risk of 
severe disease (aOR=0.3)(133). In December 2021 in England, Omicron cases were found to induce a 
significantly reduced risk of hospitalisation or presentation for emergency care in comparison to 
Delta cases(144, 145). The decreased disease severity inflicted by Omicron may be due to its reduced 
capacity for replication in lung tissue, which was found to be more than ten times less in lung tissue 
compared to Delta(136). Concordantly, the S protein of the Omicron variant is less efficient at 
cleaving the ACE2 receptor and entering cells of lung organoids(141), while is also less able to cause 
fusion between lung cells compared to Delta(141), which is often observed in cases of severe COVID-
19. The reduction in replication within the lungs, and the preservation of T-cell responses likely 
contribute to the milder disease exerted by the Omicron variant.

Although the Omicron variant appears to manifest in mild disease, high case numbers may 
still result in a large number of hospitalisations and deaths in those vulnerable to the virus. Omicron 
case numbers may be beginning to peak, however. In South Africa, a 29.7% decrease in weekly 
COVID-19 cases were reported in the week ending 25th December 2021, compared to the previous 
week, and the Omicron wave is said to have passed(146). Concerningly, global case numbers 
continue to rise rapidly(147) and many countries will continue to feel the pressure exerted by the 
wave of Omicron infections.”

Comment

5. Vaccination/Waning immunity sections: please update these sections to include any new data on 
efficacy, and the recent data on the efficacy of the different booster jabs.

Response

We have updated these sections with new data. Table 2 has also been updated to include 
new data on vaccine effectiveness.

The waning immunity and boosters section now reads as:  
“6.11 Waning immunity and boosters
Throughout the COVID-19 pandemic, emerging variants have threatened the effectiveness of 
vaccines (table 2). Simultaneously, waning immunity following vaccination questions how long 
vaccines remain effective, and highlights the importance of booster doses. Indeed, protection against 
SARS-CoV-2 following vaccination decreases over time, both in terms of antibody titres(188-190) and 
vaccine effectiveness(191-194). Cellular responses, such as T-cell immunity, may persist for longer 
periods, however(195, 196). With a gradual loss of protection from SARS-CoV-2 following COVID-19 
vaccination, many countries are now rolling out booster programmes with the aim of raising levels of 
immunity. 
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Since booster programmes began, evidence that a booster vaccine dose enhances antibody 
and cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody 
titres increase significantly(197-200) and, in some cases, to higher levels than after the primary two 
doses(197). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(198, 201, 202). T-cell response is also enhanced 
following a third dose(199, 203, 204). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen. 

The antibody and cellular responses observed following booster vaccinations have been 
found to correlate with increased levels of protection against SAR-CoV-2 infetion and severe illness. 
On 30th July 2021, Israel was the first country to offer a third dose of BNT162b2 to certain groups. 
Subsequently, several studies have revealed that those who received a third vaccine dose were 
significantly less likely to be infected or have severe disease with SARS-CoV-2 compared to those who 
received two-doses(205-208). In those aged 60 or older, an observational study demonstrated that 
the rate of severe COVID-19 and death was lower in the boosted group by a factor of 17.9 and 14.7, 
respectively, compared to the non-boosted group(209). Booster doses of COVID-19 vaccine have been 
shown to be effective against infection with Delta(210, 211) and, to a lesser degree, Omicron 
variants(141, 142, 145, 211-213) despite the numerous mutations harboured by these variants. 
Overall, increasing evidence is pointing towards the benefits of booster doses of COVID-19 vaccines, 
therefore it is expected that booster programmes will continue to roll out across the globe. Based on 
current evidence, the CDC recommend that the time interval for receiving a booster following the 
primary regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six months for 
Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson Ad26.COV2.S 
primary regimen(214). As the pandemic progresses and new variants emerge, variant-specific 
vaccines may require development, with pre-clinical studies demonstrating their efficacy(215) and 
pharmaceutical companies, such as Pfizer, advancing in variant-specific vaccine development(142). 
Policy makers should also consider when vaccine boosters will be given in the future and who will 
receive booster doses in the long-term.”

Comment

6. Tables: please update the tables to include any new data.

Response

Thank you, the following sentences outline the updates that have been made to each table. 

Table 1 has been updated to include the current VOC/VUI/VUM, as listed by WHO.

Table 2 has been updated to include new data on vaccine effectiveness.

Table 3 has been updated to include current vaccines that are approved in at least 1 county, 
that are not discussed in the main manuscript text. 

Comment 

7. Please include a section on EMERGING TREATMENTS: Please include a brief section on new 
techniques and advances that are currently being studied, cite the appropriate studies, and say 
when they will report.

Response

Thank you, we have now included this section with some discussion of recently approved 
drugs and those in development:

“7. Emerging Treatments 
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As more is learnt about the virus, the therapeutic strategy against COVID-19 devlops. There 
are currently over two thousand ongoing trials assessing certain treatment strategies for COVID-
19(216). Recently, antivirals including molnupiravir (Lagevrio) and nirmatrelvir/ritonavir (Paxlovid) 
have been approved in the UK(217, 218), US(219, 220), and Europe(221, 222) for treating COVID-19 
in certain risk groups. Similarly, sotrovimab (Xevudy), a monoclonal antibody treatment, has recently 
been approved for use in treating certain COVID-19 patients in the UK(223), US(224), and 
Europe(225). These drugs have been shown to be effective at preventing poor clinical outcomes, 
including death, in those vulnerable to severe COVID-19 infection. Other drug treatments, such as 
janus kinase inhibitors, corticosteroids, and anti-inflammatories have contrasting evidence to support 
their use, and therefore, the use of specific drugs is either recommended for or against by certain 
treatment and management guidelines, which are discussed below.”

Comment

8. GUIDELINES: Please cite any relevant international guidelines and say how they differ, what their 
strengths and weaknesses are, and under what circumstances they are most appropriate. Please 
give preference to the most independent and recently updated guidelines.

Response

Thank you, we have now included this section to outline which treatment guidelines are 
available for COVID-19. 

“8. Guidelines

The treatment and management of COVID-19 is a continually evolving topic, however, health 
authorities have published and continue to update guidelines and recommendations for treating 
COVID-19. The WHO living guildeline on COVID-19 and therapeutics is regularly updated, with the 
latest version, published on 14th January 2022 containing 14 recommendations on COVID-19 
treatment(226). In the UK, the National Institute for Health and Care Excellence (NICE)(227) and 
Medicines and Healthcare products Regulatory Agency (MHRA)(228) provide updated guidelines on 
COVID-19 treatment, while in Europe, the ECDC regularly publishes several guidelines providing 
recommendations on a range of COVID-19 related topics(229). In the US, the National Institutes of 
Health (NIH)(230) and the CDC(231) provide guidance on COVID-19 treatment and management, 
with the CDC supplying guidelines for specific groups including, employers, schools, health 
departments, and governments.”

Reviewer: 1 

Comment

1. In the section "3. Viral transmission, clinical presentation, and genetic susceptibility of COVID-19", 
there could be a further briefing of the spectrum of the characteristic symptoms (clinical 
characteristics). It would also benefit by mentioning that the whole of the population would be 
susceptible to COVID-19 although there exist some subgroups more susceptible to develop poorer 
clinical outcomes.

Response

Thank you, we have added to this section to mention the broad spectrum of COVID-19 
symptoms and have mentioned that although everyone is susceptible to covid-19, some 
groups are more susceptible to poorer outcomes:

“The clinical presentation of COVID-19 is non-specific, heterogeneous, and infection can result in a 
wide spectrum of symptoms. Following an incubation period of 4-14 days, symptoms develop ranging 
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from mild to severe disease and, in some cases, can result in death(12). The most common COVID-19 
symptoms include fever, cough, dyspnoea, and fatigue(13, 14), while myalgia, gastrointestinal issues, 
cognitive deficits, and other symptoms are reported. Asymptomatic individuals can also test positive 
for COVID-19(15, 16). Although the entire population is susceptible to COVID-19 infection, some 
subgroups within the general population exist that are more susceptible to developing poorer clinical 
outcomes.”

Comment

2. Also within the same section, the description for the gene loci associated with the risk of severe 
disease could be streamlined a bit since the contents did not seem to be aligned well in the current 
form. There could also be the introduction regarding the polygenetic risk score and the 
comorbidities (e.g., COPD) for predicting the susceptibility to COVID-19.

Response

Thank you for this comment. This section has been shortened in order to keep the focus 
firmly on the main topics of the article. We have also included a short introduction of 
polygenetic risk scores and how they may be used along with comorbidities to infer risk of 
COVID-19:

“The utilisation of polygenetic risk scores (PRS) may be useful in determining an individual’s risk for 
developing severe disease caused by COVID-19(35). A PRS infers a person’s risk of susceptibility to or 
development of a certain disease based on the total number of genomic variations they possess. 
Determining PRS with the inclusion of comorbidities, such as chronic obstructive pulmonary 
disease(36), or other aspects, such as coagulation factors(37), may improve the usefulness of PRS in 
determining a person’s risk of severe COVID-19.”

Comment

3. In the section "4. Virology of SARS-CoV-2", it would be better to summarize the duration that the 
SARS-CoV-2 could survive in the environment (e.g., metal surface, etc.).

Response
Towards the end of section “4. Virology of SARS-CoV-2", which now provides a useful 
description of how long the virus can survive in the environment, which is a contributing 
factor to its transmission: 

“The SARS-CoV-2 virus may survive on surfaces or suspended in air droplets for varying periods of time. 
Indeed, on plastic, stainless steel, and glass surfaces, the half-life of the virus is around 5.3, 4.4, and 
4.2 hours, respectively(7), with no difference seen between SARS-CoV-2 variants(8). Although SARS-
CoV-2 can be detected on inanimate surfaces for hours and days, due to the evaporation of water 
droplets, the viruses’ living environment, the concentration of the virus plummets rapidly(9). Protective 
measures, including using personal protective equipment (PPE), maintaining indoor ventilation, and 
disinfecting hands and surfaces, can effectively limit the spread of SARS-CoV-2(10).” 

Comment
4. Perhaps it would merit if the conformational changes of the S protein that occur after binding with 

the host cell be described.

Response

Thank you. To address this comment, we have added a short description of the S protein 
structure and the conformational changes that occur: 
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“The subunits of the trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion 
stage) conformation(62), with one subunit always in an open conformation to allow for ACE2 
recognition and binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by 
several α-helices(64). From closed to open conformation, the RBD undergoes structural 
rearrangement whereby the globular head region rotates clockwise, which alters is elecropotential 
surface(64). Once positioned, numerous residues within the RBD form either hydrogen bonds or salt 
bridges with residues of the ACE2 receptor, allowing for tight binding(65), while the concave 
structure of the RBD allows for three distinct binding regions(64).”

Comment

5. Not sure why there should be the section "4.1 Other human coronaviruses" which seemed less 
relevant to the topic.

Response

Thank you, we agree that this section was less relevant and did not add much to the overall 
manuscript, therefore, this section has been removed.

Comment

6. In the section "5. Variants of SARS-CoV-2" perhaps it would not be necessary to address the 
abbreviations for VOI and VUM again since this has already been introduced well before.

Response

Thank you, we agree with this comment. As VOC/VOI/VUM have been defined previously in 
the introduction, it is not needed here. This repetition of definitions has been removed from 
section 5.

Comment

7. I am afraid that the authors should contemplate on what the focus of the VOC should be. Basic 
science or clinical themes? Most of the current efforts seemed to focus on the former rather than 
the latter. However, the impact of the variants on the subsequent waves of outbreaks globally 
would seem more important to the epidemiologist and clinicians. This is perhaps most relevant to 
the Delta strain.

Response

This is an important point and we have included the following section to stress the 
importance of the clinical themes, in addition to the basic science in regard to VOCs:
“The current method of identifying variants relies on the use of genomic testing such as whole 
genome sequencing, partial S-gene sequencing, or nucleic acid amplification technique (NAAT)-based 
assays(72). The aspects of different variants that most people experience, however, is the clinical 
symptoms they inflict. Certain variants induce a greater risk of severe disease and death, such as 
Alpha and Delta(73), while others are more likely to induce milder symptoms, such as Omicron(74, 
75). Moreover, individual symptoms can differ between variants. For example, the Gamma variant is 
associated inflicting anosmia and dysgeusia(76), which is less commonly seen in Omicron infections. 
Moving forward, the clinical themes and symptoms associated with emerging variants should be 
elucidated rapidly in order for the public and healthcare professionals to rapidly identify possible 
cases of COVID-19.”

Comment

8. The section "6. Vaccinations" seemed to be a pile-up of the evidence without a clear focus. I am 
afraid that not all identical weight should be given to the different vaccines. Moreover, the most 
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well-proven efficacy, safety, reactogenicity and adverse events should be summarized in a clearer 
way.

Response

We agree that this section had little focus and certain vaccines should have greater weight 
than others. We have attempted to address this by giving the major vaccines the majority of 
the weight and giving each vaccine section a clear structure: i) what the vaccine is ii) 
immunogenicity iii) reactogenicity iv) safety/adverse events v) mention that effectiveness 
can be seen in table 2. To save on words, effectiveness has not been fully outlined in the text, 
instead table 2 outlines studies that give estimations of effectiveness for each vaccine.
This section now reads as:

“6. Vaccinations 
The COVID-19 pandemic prompted a rapid international search for safe and effective 
vaccines against the SARS-CoV-2 virus. In line with previous vaccine development, including 
for both SARS-CoV and MERS-CoV, the S protein was a key target for COVID-19 vaccine 
development(154). As of 24th January 2022, 33 approved vaccines are in use in 197 
countries, with ten vaccines having gained emergency use listing approval from the WHO(4), 
(table 2). As of 25th January 2022 there are 194 vaccines in pre-clinical development and 140 
in clinical development(155). Numerous studies have explored the effectiveness of approved 
vaccines, however, large variations in vaccine effectiveness are reported. This variability is 
likely due to several factors in the studies including, the country, date, and population size of 
the study, as well as the SARS-CoV-2 variants circulating during the study period. These 
factors, along with how the effectiveness is reported, mean that it is difficult to compare 
vaccines and fully understand how effective each vaccine is. Here, we review the COVID-19 
vaccines in use around the world.

6.1 Pfizer/BioNtech - BNT162b2
The BNT162b2 vaccine (Comirnaty) is a lipid nanoparticle-formulated, nucleoside-

modified mRNA vaccine encoding a modified SARS-CoV-2 S protein which was developed 
through a collaborative effort between Pfizer (New York, US) and BioNTech (Mainz, 
Germany)(156, 157). BNT162b2 gained WHO emergency use listing on 31st December 
2020(158) and, as of 24th January 2022, has been approved for use in 136 countries(4). 
Following administration of BNT162b2, a Th1-biased response is observed, with tumour 
necrosis factor alpha (TNFα), interferon gamma (IFNγ), and interleukin-2 (IL-2) all elevated 
following vaccination, compared to placebo(159, 160). Highest neutralisation titres are 
found between seven and fourteen days following the second dose(161), while those 
previously infected with COVID-19 showed a four-fold increase in antibody binding and a 18-
fold increase in neutralisation titres compared to previously uninfected individuals following 
two-doses(162). The BNT162b vaccine is well tolerated, with limited reactogenicity. Redness 
and swelling at injection site have been reported, however mild or moderate pain at the 
injection site is the most commonly reported reaction to vaccination(161). Fatigue, muscle 
pain, headache and chills are other commonly reported symptoms following BNT162b2 
administration(163). The rate of systemic reactions after a second dose of BNT162b has been 
found to be 1.7 to 2 times higher than after a first dose, possibly suggesting an immunity-
boosting effect(164). Many safety reports of this vaccine describe no serious adverse 
events(161, 164, 165), however, a large study found that BNT162b2 was associated with an 
increased risk of myocarditis, lymphadenopathy, appendicitis, and herpes zoster 
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infection(166). Although rare, allergic reaction or anaphylaxis has also been reported 
following administration of the BNT162b2 vaccine(163). Table 2 outlines clinical trial and 
real-world data for vaccine effectiveness.

6.2 Oxford-AtraZeneca – AZD1222
The AZD1222 vaccine (Vaxzevria) is a non-replicating vector of the chimpanzee 

adenovirus ChAdOx1, modified to encode the SARS-CoV-2 S protein(167). Developed through 
collaboration between the University of Oxford and AstraZeneca (Cambridge, UK), this 
vaccine was given WHO emergency use listing on 16th February 2021(158) and has been 
approved for use in 137 countries, as of 24th January 2022(4). The WHO has granted 
emergency use listing to two versions of this vaccine (AZD1222 and Covishield) in order to 
utilise Covishield as part of their worldwide COVAX initiate, which is being produced by the 
Serum Institute of India and AstraZeneca-SKBio (Republic of Korea)(168). 

Following administration of AZD1222, significant antibody production, predominantly 
of IgG1 and IgG3 subclasses, and a Th-1 cell response, with increased expression of IFNγ and 
TNFα, is seen(122, 169). One dose of AZD1222 has been shown to produce a neutralising 
antibody response in 91% of participants, while a second dose resulted in 100% of 
participants producing neutralising antibodies(170). Mild and moderate itch, pain, redness, 
swelling, tenderness, and warmth are common local reactions, while chills, fatigue, fever, 
headache, muscle ache, and nausea are commonly reported systemic reactions following 
AZD1222 administration(170). Rare symptoms, including severe chest pain, nasal bleeding, 
and allergic reaction have been reported following AZD1222 administration(171). Table 2 
outlines clinical trial and real-world data for vaccine effectiveness.

6.3 Johnson & Johnson - Ad26.COV.2.S
The Ad26.COV.2.S vaccine is a non-replicating adenovirus vector, modified to contain 

the SARS-CoV-2 S protein in a prefusion-stabilised conformation and requires a single 
dose(172). This vector was developed from the recombinant human adenovirus type 26 by 
the Janssen pharmaceutical company of Johnson & Johnson (New Brunswick, New Jersey, 
US)(172) and was listed for WHO emergency use listing on 12th March 2021(158). As of 24th 
January 2022, Ad26.COV.2.S has been approved for use in 106 countries(4). 

The Ad26.COV.2.S vaccine induces the production of a variety of antibody subclasses, 
such as IgG, IgM and IgA, and promotes several non-neutralising antibody responses, 
including activation of CD4+ and CD8+ Th1-cells and production if IFNγ, IL-2, and TNFα(173, 
174). Although neutralising antibody responses induced by Ad26.COV2.S are reduced against 
SARS-CoV-2 variants, non-neutralising antibody and T-cell responses have been found to be 
preserved against VOC(173), while a prior COVID-19 infection significantly increases levels of 
S protein-binding antibodies, antibody-dependent cellular cytotoxicity, and neutralising 
antibodies against VOCs including Beta and Delta(175). Ad26.COV.2.S is safe and well 
tolerated, with a large clinical trial demonstrating that headache, fatigue, and myalgia, are 
the most common systemic reactions, while injection-site pain is the most common local 
reaction following administration(172). Like other vaccines, Ad26.COV.2.S has veen 
associated with serious adverse events, such as allergic reactions and cerebral venous sinus 
thrombosis, however, these are rare(163, 176).  Table 2 outlines clinical trial and real-world 
data for vaccine effectiveness.

6.4 Moderna – mRNA-1273
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The mRNA-1273 vaccine (Spikevax) developed by Moderna (Massachusetts, US) is a 
lipid-nanoparticle-encapsulated mRNA vaccine expressing the SARS-CoV-2 S protein that has 
been prefusion-stabilised(177). This vaccine gained WHO emergency use listing on 30th April 
2021(158), and as of 24th January 2022, has been approved for use in 85 countries(4).

The mRNA-1273 vaccine elicits a strong CD4+ Th-1 cell response, with TNFα, IFNγ, 
and IL-2 expression increased following administration(178-180), while neutralising antibody 
titres have been shown to significantly increase up until around 28 days following the second 
dose of the vaccine, and afterwards remain consistently high(181). Fatigue, muscle pain, 
headache, chills, joint pain, and injection-site pain/reaction are common adverse effects 
caused by the mRNA-1273 vaccine(163, 177), while serious adverse effects are often 
avoided(177, 181). Serious adverse events, including allergic reaction and anaphylaxis are 
rare, but not inconceivable following mRNA-1273 administration(163). Table 2 outlines 
clinical trial and real-world data for vaccine effectiveness.

6.5 Other WHO emergency use listed COVID-19 vaccines
In addition to the five COVID-19 vaccines described previously, five other vaccines 

have gained emergency use listing by the WHO. First, the Sinopharm BBIBP-CorV COVID-19 
vaccine (Covilo) was developed by the Beijing Bio-Institute of Biological Products, a 
subsidiary of China National Biotec Group, and was given WHO emergency use listing on 7th 
May 2021(158). This vaccine is a 19nCoV-CDC-Tan-HB02 strain SARS-CoV-2 antigen that is 
produced in Vero cells, inactivated by β-propiolactone, and then purified and absorbed with 
aluminium hydroxide(182). Next, the CoronaVac vaccine, developed by Sinovac Biotech 
(Beijing, China), was listed for WHO emergency use on 1st June 2021(158). Like the BBIBP-
CorV vaccine, this vaccine is a Vero cell-based, aluminium hydroxide-adjuvanted, β-
propiolactone-inactivated vaccine, however, it is based on the SARS-CoV-2 CZ02 strain(183). 
Covaxin (BBV152) is a whole virion inactivated SARS-CoV-2 vaccine formula developed by 
Bharat Biotech International ltd (India)(184) which gained emergency use listing from the 
WHO On 3rd November 2021(185). Lastly, Covovax and its originator, Nuvaxovid (NVX-
CoV2372), were both developed by Novavax (Maryland, United States) and the Coalition for 
Epidemic Preparedness Innovations (Oslo, Norway), and gained emergency use listing on 
17st and 21th December 2021, respectively(186, 187). Both vaccines are manufactured using 
the same technology, and consist of a recombinant SARS-CoV-2 S protein nanoparticle 
administered with the adjuvant Matrix-M as a co-formulation(188). These vaccines produce 
similar immune responses to those already discussed. Studies assessing the efficacy of these 
vaccines are outlined in table 2. 

6.10 Other approved vaccines 
In addition to the vaccines that have received emergency use listing from the WHO, 

around the world, vaccines have been developed, tested and approved to combat COVID-19. 
As of 24th January 2022, 33 vaccines, including the ten described above, have been 
approved in at least one country(4). The remaining 23 approved vaccines are outlined in 
table 3.”

Comment  

9. Overall, I appreciate the section "6.8 Waning immunity and boosters" but perhaps it would also 
merit if the interval between the 2nd and 3rd vaccine could be outlined.

Response
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Thank you, we have now added the following statement that outlines the recommended 
time interval between the 2nd and 3rd doses:

“Based on current evidence, the CDC recommend that the time interval for receiving a booster 
following the primary regiment is five months for Pfizer/BioNTech BNT162b2 primary regimen, six 
months for Moderna mRNA-1273 primary regimen, and two months for Johnson & Johnson 
Ad26.COV2.S primary regimen(216).”

Reviewer: 2 

Major comments:

Comment

1. Although this is not a systematic review, selecting 227 articles from the enormous covid-19 
literature, especially including bioRxiv and medRxiv, must involve many layers of judgment. It’d be 
important to include more details on this selection than currently-included two sentences.

Response

Thank you for this comment. As mentioned in the editor’s comment 3, we have included 
more detail on the selection criteria that we used in the methods section, and more so in 
the supplementary file. 

Comment 

2. Dating: Tables 1 & 2, either in the table or legends need to clearly mark the data and definitions are 
as of [mm/dd/yyyy], as the authors acknowledged all these variant classification/vaccine data are 
dynamic.

Response

Thank you, the dynamic nature of this topic does require a time stamp like this. In the legend 
of table 1, we have now included that “information is correct as of 24th January 2021”. While 
in table 2, we have added the dates which the studies took place to and from in order to give 
clarity on these data. Similarly we have included the date when information was correct 
from in table 3. 

Comment

3. Large variations in vaccine effectiveness %: could these possibly be explained by the country/study 
date/variants of the publications that were listed? Table 2 made it evident that there were variable 
sample sizes and COVID-19 definition of VE against (and in some cases variants), but it remains 
unclear to the reader why there could be such large variations.

Response

We agree that the large variations in vaccine effectiveness reported by studies are confusing 
and required clarification. We have explained in section 5 why these variations may occur:
“Numerous studies have explored the effectiveness of approved vaccines, however, large 
variations in vaccine effectiveness are reported. This variability is likely due to several factors 
in the studies including, the country, date, and population size of the study, as well as the 
SARS-CoV-2 variants circulating during the study period. These factors, along with how the 
effectiveness is reported, mean that it is difficult to compare vaccines and fully understand 
how effective each vaccine is. Here, we review the COVID-19 vaccines in use around the 
world.”
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Comment

4. Considerations for the future: The reviewer feels this is the weakest part of the review manuscript, 
making only vague/broad statements, not considering examples where covid-19 was controlled (ex. 
Taiwan, New Zealand). Even in countries with fluctuations, some key approaches have worked but 
are not discussed here. Ex. The rollout of rapid-testing and quarantine of positive cases, especially 
given asymptomatic individuals can also spread infections.) This part needs to be largely improved 
upon or toned down in the abstract.  

Response

Thank you, we agree with this comment and therefore have re-written this section to include 
two main parts; what went wrong, and what went right when attempting to control COVID-
19:

“9. Considerations for the future

Novel infectious diseases and pandemics are an unpredictable but inevitable aspect of nature 
and it is, therefore, important that we learn from past pandemics to prepare for future ones. Firstly, 
the COVID-19 pandemic has highlighted and amplified the existing inequalities within society(234), 
with non-white ethnicity, social disadvantage, and unemployment all risk factors for testing positive 
for COVID-19(235) and those most economically deprived found to be particularly vulnerable(236). 
These inequalities require addressing in order to be better prepared for similar situations in the 
future. Next, to progress through a pandemic we should be racing the pathogen, not each other. This 
statement becomes apparent when you consider the problems countries faced when seeking out 
PPE(237), and the vaccine inequity seen around the world(238), with developed countries often 
better placed to be able to purchase these items. Initiatives such as the WHO’s COVAX programme 
are vital in order to protect those most vulnerable and reduce the global spread of disease. In 
October 2021, the UK government released a publication outlining where the policies implemented to 
reduce the impact of the COVID-19 pandemic failed, and the lessons learned from these failures 
(239). Here, it is clear that there is room for improvement, with the publication presenting 
conclusions and recommendations on how to enhance pandemic preparedness, lockdown and social 
distancing measures, testing and contact tracing, social care, and vaccines. In countries such as the 
UK, US, and much of Europe, where the COVID-19 death rate has been high, steps need to be taken 
and lessons need to be learnt in order to be better prepared for the next pandemic. The responsibility 
of improving pandemic response lies with policy makers, the medical/scientific community, and the 
public, and will ultimately require a collaborative approach.

Certain aspects of the response to the COVID-19 pandemic have been a triumph, however. 
One of the major victories was the rapid development and rollout of vaccines(240), which continue to 
be effective. The rollout of rapid testing and quarantine for positive cases was also important to at 
least disrupt the spread of the virus, especially given that asymptomatic individuals can contribute to 
the spread. Furthermore, the swift identification and sharing of knowledge of SARS-CoV-2 variants 
between countries should be applauded. Lessons can be learned from countries where COVID-19 was 
controlled. In Taiwan, managing the pandemic as directed by pre-COVID-19 pandemic plans 
prompted an immediate response; screening of all airline passengers arriving from Wuhan and high 
risk areas, restricting entry for non-Taiwanese citizens, 14-day quarantine period for contacts of 
confirmed cases or returning travellers, a ban on large gatherings, and widespread mask wearing 
were some of the quickly implemented management strategies(241). New Zealand implemented 
similarly effective restrictions, with the addition of a national lockdown(241). Many of the pandemic 
control components that kept case and death numbers low in Taiwan and New Zealand could be 
adopted by other countries in the future and may lead to greater outcomes in terms of protecting 
both health of individuals and the health and wellbeing of the country. Overall, there is much to be 
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learnt from the COVID-19 pandemic and, as we emerge from it, inspection of which policies failed, 
and which succeeded are imperative.”

Minor comments:

Comment

1. Table 1 is a great summary of variants, if journal format allows, color-coding the mutations could 
allow people to quickly digest which variants share which mutations.

Response

Thank you, we agree that colour coding the mutations shared by different variants make it 
clearer to quickly digest the information, so have colour coded the mutations accordingly.  

Comment

2. Figure 1, the texts in the figures (ex. D614G, ORF6, variant designations) could be enlarged

Response

Thank you, the text in figure 1 has been enlarged to make for easier reading.

Reviewer: 3 

Comment

1. This review was not written in the systematic review format, which authors can use the statistical 
method to measurement the significant different between virology variant and vaccine aspects.

Response

Thank you for this comment. As this is not a systematic review in the strictest sense, we 
believe that this is difficult. We have aimed to explore the relationships between vaccines 
and circulating variants where possible, for example, where vaccine effectiveness against 
certain variants is stated in articles, we include it in table 2, while the dates that studies took 
place from and to are included and can be correlated with circulating variants.    

Comment

2. The criteria of choosing and exclude scientific data / paper need to be explained to eliminated the 
potential bias.

Response

Thank you, as mentioned in previous responses, we have updated the methods section and 
included a supplementary file to explain our search and inclusion criteria.

Comment 

3. Since, the severity of diseases did not depend on only viral genetic, host, and immune status, as 
well as significant risk factors, but also depend on medical treatment and duration of onset in each 
data set which are important confounding factors. 

Response
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Indeed, duration of disease and the treatment patients receive are important factors in 
determining the severity of disease patients endure, we have included the following 
statement to cover this: 
“The duration of symptoms endured by COVID-19 patients, as well as the treatment they receive will 
also have profound influences on the severity of disease they experience and both the acute and 
long-term outcomes following recovery.”

Comment

4. Most of review data are not suitable for publication in the modern scientific format but can be re-
written with additional level of evidence based medicine. 

Response

We believe that the review is written in a concise and methodical manner with all comments 
supported by published evidence and suitable data.  

Comment

5. The basic knowledge and 3D structure of spike RBD and NTD molecule in each mutation and 
vaccine sequence antibody (MRNA)/ (VIRAL VECTORS) should be reviewed if authors want to 
determine the correlation of vaccine efficacy and variant of SARS-CoV-2. The authors can use the 
essential real world data of vaccine effectiveness to determine the response of vaccine across the 
variant in different time and place of epidemic.

Response

Thank you. Due to the limited word count available, it was not possible to explain the spike 
protein 3D structure changes caused by each mutation, however we have detailed the 
structure of the spike protein and where the mutations are located within the spike. We have 
indicated that mutations within the spike alter its 3D structure and influence immune 
escape:
Section 4:
“The subunits of the trimeric S complex are either in a closed (pre-fusion stage) or open (post-fusion 
stage) conformation(62), with one subunit always in an open conformation to allow for ACE2 
recognition and binding(63). The RBD itself consists of five anti-parallel β-strands surrounded by 
several α-helices(64). From closed to open conformation, the RBD undergoes structural 
rearrangement whereby the globular head region rotates clockwise, which alters is elecropotential 
surface(64). Once positioned, numerous residues within the RBD form either hydrogen bonds or salt 
bridges with residues of the ACE2 receptor, allowing for tight binding(65), while the concave 
structure of the RBD allows for three distinct binding regions(64).
 Section 5:
“Many of the mutations observed in SARS-CoV-2 variants are found within the RBD or the N-terminal 
domain of the S protein, which alters the three-dimensional structure of the S protein. Not only can 
these changes affect the transmission abilities of the virus, but can also allow it to better escape the 
immune response, including from neutralising antibodies either elicited through vaccine 
administration or natural infection.” 

Comment

6. The booster dose data should be reviewed in term of antibody response and T cell response.

Response

Thank you, we agree with this and we have now included some discussion of antibody and T-
cell responses following booster dose:
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“Since booster programmes began, evidence that a booster vaccine dose enhances antibody and 
cellular responses has accumulated. Following a third dose of vaccine, neutralising antibody titres 
increase significantly(199-202) and, in some cases, to higher levels than after the primary two 
doses(199). Additionally, boosters have also been found to increase neutralising antibody titres 
against Beta, Gamma, Delta, and Omicron variants(200, 203, 204). T-cell response is also enhanced 
following a third dose(201, 205, 206). Together, enhancing neutralising antibody and cellular 
responses with a booster vaccine dose is likely to provide a greater level of protection than relying on 
immunity built through a primary regimen.”

Reviewer: 4 
Comment

1) Introduction
- Line 22 - can you include the difference between VOI and VUM? e.g. in VUM evidence of 

phenotypic or epidemiological effect is currently unclear, and a name has not yet been assigned.

Response

Thank you, we agree that the differences between VOC, VUI and VUM should have been 
defined more clearly to include the difference between each. We have updated this as 
follows:
“The World Health Organisation (WHO) classify SARS-CoV-2 variants that increase transmissibility, 
disease severity or virulence, or decrease the effectiveness of public health measures, diagnostics, 
therapeutics or vaccines as variants of concern (VOC). Variants with genetic changes that are 
predicted to enhance the virulence and transmissibility of the virus which have been identified to 
cause community transmission in multiple countries posing a possible risk to global public health are 
defined as variants of interest (VOI). Lastly, the WHO defines variants with genetic changes that are 
suspected to affect virus characteristics and have currently unclear phenotypic or epidemiological 
effects as variants under monitoring (VUM). VUM are not typically assigned a name until they are 
upgraded to VOI or VOC. The full working definitions of VOC, VOI and VUM can be found on the WHO 
‘tracking SARS-CoV-2 variants’ website: www.who.int/en/activities/tracking-SARS-CoV-2-
variants/(3).”

Comment

2) Methods
- Including the specifics of how the searches were done would add clarity (maybe as a supplementary 

file), many of the terms which were searched for are not specific

Response

Thank you, clarity on the search terms and selection criteria was needed. We have included a 
supplementary file which includes the specific search terms that we used as well as the 
selection criteria that was implemented for different sections of the review. 

Comment

3) Transmission
- Line 32 - maybe use "biological material" instead of "biological samples", presumably the virus 

doesn't normally spread via the samples themselves

Response

Thank you, this has been changed from “biological samples” to “biological material” 
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Comment

4) Virology
        Page 6
                line 8 typo - "interacting WITH host cell organelles"
   line 25 - both halves of this sentence are talking about TMPRSS2 but it doesn't sound like it

Response      

Thank you, these errors have been corrected:
“with” has now been inserted into “interacting WITH host cell organelles”.  

The TMPRSS2 sentence has been amended:

“Meanwhile, TMPRSS2, a host cell protease, facilitates fusion of the viral and host cell 
membranes(68), and may play a role in the spread of the virus in the airways(68).”

Comment

5) VOC
- You frequently refer to an increase in these variants, and state or imply that this is relative to the 

wild-type. Can you include a section at the start of 5 where you specify what that wild-type is? Is it 
clear that samples from a particular time period or geographic area are wild-type?

Response

Thank you. We agree that simply using ‘wild-type’ to discuss a SARS-CoV-2 strain is 
confusing. Firstly, we have changed this wording to refer to the initial strain that emerged 
from Wuhan as the ‘primary strain, and have described what is meant by that at the end of 
section 5: 
“Herein, we report studies that compare SARS-CoV-2 variants to the ‘primary’ virus strain. ‘Primary 
strain’ refers to the strain of the virus that first emerged in Wuhan, China at the end of 2019 and 
spread around the world in the first wave of infections, which is often also referred to as the Wuhan-
Hu-1, B.1, or wild-type strain.”  

Comment 

6) VOC - Alpha
        line 22 typo "probable" not "probably"

        line 48 typo "de-escalated"

Response

Thank you for highlighting these errors. 
 Due to re-wording of this section, “probably” has now been removed, while “de-escalated” 
 has been amended. 

Comment

7) 5.1.4 VOC – Delta
- p10 48 Transmissibility of Delta is 97% greater, or three times Alpha, Beta and Gamma?
- p10 54 Isn't replication rate a factor in transmissibility rather than an addition to it?
- p11 line 27 - when you talk about younger people, can you specify which age cutoff you are talking 

about?

Response
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Thank you for identifying this. 

The transmissibility sentence was worded poorly in the original manuscript, this has been 
amended to explain exactly what is meant:
“It was estimated that the reproduction number of the Delta variant is 97% greater than non-
VOC/VOI and approximately three times that of the Alpha, Beta, and Gamma variants(110),”

We agree that replication rate is a factor in transmissibility, therefore we have amended this 
sentence:
“The fast replication rate of Delta likely contributes to its increased transmissibility compared to 
Alpha, Beta, and Gamma.”

We also agree that it was unclear what “younger people” meant, we have amended the 
statement as follows:
“Lastly, a study in India found that the risk of death was around 1.8 times higher for Delta infections, 
while Delta also infected and induced symptoms in a greater proportion of younger people (0-19 
years old), compared to the primary strain(131).”

Comment

8) Vaccination 6.1 Pfizer
        line 15 - typo repeating "elicit a strong"

6.3 Johnson and Johnson
- Line 9 a bit unclear, is the point that there is a time lag of around 28 days before peak 

effectiveness? After second dose? And compared with how many days?

6.6 Sinovac
 Line 6 - typo "alike" should be "like"

6.8 Boosters   
               Line 56 typo "On 30th July 2021" appears twice

Response

Thank you. 
Repetition of “elicit a strong” has been corrected. 
Due to re-wording of the manuscript, the statement commenting on the time lag of around 
28 days before peak effectiveness has been removed. 
“like” now replaces “alike” within the Sinovac section.
The second appearance of “On 30th July 2021” has been removed.

Comment 

8 Conclusions

- Line 23 "Yet to be eradicated" - this is absolutely true; but this is unlikely to happen for decades if 
ever, and there are other more immediate unmet goals it might be better to mention, such as 
attaining high vaccination coverage globally, ensuring all health systems have the capacity to cope 
with seasonal waves.

Response

Thank you, we agree that “yet to be eradicated” is possibly a misleading statement. We have 
amended this part of the conclusion as follows:
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“Although rollout of vaccines has been successful, we must aim to address unmet goals, such as 
attaining a high global vaccination coverage and ensuring that all healthcare systems have the 
capacity to cope with seasonal waves.”
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Figure 1: Genome and structure of SARS-CoV-2. 

210x297mm (300 x 300 DPI) 
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Figure 2: Viral entry and host response. 

153x135mm (300 x 300 DPI) 
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Variants of concern 

WHO nomenclature or designation Pango Lineage  S protein mutations of interest First detected samples *  

Alpha  B.1.1.7 N501Y            D614G            P681H UK, Sept 2020 

Beta  B.1.351 N501Y            D614G            E484K             K417N           A701V South Africa, May 2020 

Gamma  P.1 N501Y            D614G            E484K             K417T            H655Y Brazil, Nov 2020 

Delta  B.1.617.2 L452R             D614G            P681R            T478K              India, Oct 2020 

Omicron  B.1.1.529 N501Y            D614G            E484A             P681H           K417N            H655Y 
A67V              Δ69-70            T95I                G142D           Δ143-145      N211I 
Δ212              ins215EPE       G339D            S371L            S373P            S375F 
N440K           G446S              S477N             T478K           Q493R           G496S 
Q498R           Y505H              T547K             N679K           N764K           D796Y 
N856K           Q954H             N969K             L981F 
 

South Africa and Botswana, Nov 2021 

Variants of Interest 

WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples * 

Lambda  C.37 L452Q            D614G            F490S             Peru, Dec 2020 

Mu B.1.621 N501Y            D614G            P681H           R346K             E484K             Columbia, Jan 2021 

Variants under monitoring 

Pango Lineage  S protein mutations of interest First detected samples * 

B.1.1.318 D614G           P681H              E484K Multiple countries, Jan 2021 

C.1.2 N501Y            D614G             E484K            H655Y            N679K            Y449H South Africa, May 2021 

B.1.640 N501Y            D614G             P681H            F490R            N394S            R346S 
Y449N            137−145del 

Multiple countries, Sep 2021 
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Vaccine and 
vaccine type 

Recommended 
dose and 

administration 

Study 
ref. 

Study type Study date 
and 

location(s) 

N Vaccine effectiveness % (95% confidence interval) * 

Against One dose Two doses 

Pfizer/BioNtech 
(BNT162b2) – 

mRNA. 

Two doses (30μg, 
0.3ml each) 

intramuscularly 
(deltoid) with a 
recommended 

interval of 21-28 
days between 

doses. 

(156) Randomised 
controlled 

trial 

27/7/2020 to 
14/11/2020  

US, Argentina, 
Brazil, South 

Africa, 
Germany, and 

Turkey. 

37,706 Symptomatic infection  95% (90.3−97.6%) 

(241) Observational 20/12/2020 to 
1/2/2021 

Israel. 

1,193,2
36  

Documented infection 46% (40-51%) 92% (88-95%) 

Symptomatic infection 57% (50-63%) 94% (87-98%) 

Hospitalisation 74% (56-86%) 87% (55-100%) 

Severe disease 62% (39-80%) 92% (75-100%) 

(242) Test-negative 
case-control 

26/10/2020 to 
16/5/2021 

UK. 

19,109 Infection with Alpha  47.5% (41.6–52.8%) 93.7% (91.6–95.3%) 

Infection with Delta  35.6% (22.7–46.4%) 88.0% (85.3–90.1%) 

(243) Test-negative  
case-control 

1/2/2021 to 
31/3/2021 

Qatar. 

213,758 Infection with Beta   75.0% (70.5-78.9%) 

Infection with Alpha or Beta   97.4% (92.2-99.5%) 

(244) Test-negative  
case-control 

14/12/2020 to 
19/4/2021 

Canada. 

324,033  
Symptomatic infection 

14-20 days: 48% (41-54%)  
≥7 days: 91% (89-93%) ≥14 days: 60% (57-64%) 

35-41 days: 71% (63-78%) 

 
Hospital admission or death 

14-20 days: 62% (44-75%)  
≥7 days: 98% (88-100%) ≥14 days: 70% (60-77%) 

≥35 days: 91% (73-97%) 

[NOTE: Participants in this study received an mRNA vaccine (either BNT162b2 or mRNA-1273)] 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection - Alpha  ≥14 days: 66% (95% CI: 64-68%) ≥7 days: 89% (86–91%) 

Symptomatic infection - Beta or Gamma 
variants 

≥14 days: 60% (52-67%) ≥7 days: 84% (69–92%) 

Symptomatic infection - Delta  ≥14 days: 56% (45-64%) ≥7 days: 87% (64–95%) 

Against hospitalisation or death - Alpha  ≥14 days: 80% (78-82%) ≥7 days: 95% (92-97%)  

Against hospitalisation or death - Beta or 
Gamma  

≥14 days: 77% (69-83%)  ≥7 days: 95% (81-99%)  

Against hospitalisation or death - Delta  ≥14 days: 78% (65-86%)  

(246) Retrospective 
case-control  

January to July 
2021 
US. 

119,463 Infection   ≥14 days: 86% (81-90.6%) 

Hospitalisation   ≥14 days: 85% (73-93%) 

Admission to an ICU   ≥14 days: 87% (46-98.6%) 

(133) Test-negative  
observational 

1/4/2021 to 
6/6/2021 
Scotland. 

400,827 Infection - Alpha   92% (90–93%) 

Infection - Delta   79% (75-82%) 

(247) 14,019 Hospitalisation - Alpha  83% (62-93%) 95% (78-99%) 
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Test-negative 
case-control 

12/4/2021 to 
4/6/2021 
England. 

Hospitalisation - Delta  94% (46-99%) 96% (86-99%) 

(248) Test-negative 
case-control 

8/12/2020 to 
19/2/2021. 

England. 

156,930  
Infection 

 10-13 days: 70% (59-78%) 

 ≥14 days: 89% (85-93%) 

 28-34 days: 61% (51-69%) 

(249) Test-negative 
case-control 

4/4/2021 to 
1/5/2021 
Canada. 

16,993  
Infection  

0-13 days: 14% (0-26%)  

14-20 days: 43% (30-53%)  

35-41 days: 75% (63-83%)  

Infection   ≥21 days: 65% (58-71%) 

Infection - non-VOC  72% (58-81%) 

Infection - Alpha   67% (57-75%) 

Infection - Gamma   61% (45-72%) 

(250) Test-negative 
case-control 

17/1/2021 to 
5/6/2021 
Canada. 

5,8476 Infection ≥14 days: 70.3% (68.1-72.4%) ≥7 days: 85.5% (80.4-89.3%) 

(251) Case-control 14/2/2021 to 
3/5/2021 
France. 

67,760 Infection   ≥7 days: 88% (81-92%) 

Infection - Alpha   ≥7 days: 86% (81-90%) 

Infection - Beta/Gamma   ≥7 days: 77% (63-86%) 

(252) Test-negative 
case-control 

23/3/2021 to 
7/9/2021 

Qatar. 

1 dose: 
906,078 
2 doses: 
877,354 

Infection – Delta  65.5% (40.9-79.9%) ≥14 days: 59.6% (50.7-66.9%) 

Severe disease or death - Delta  97.3% (84.4-99.5%) 

(192) Test-negative 
case-control 

1/1/2021 to 
5/9/2021 

Qatar. 

1 dose: 
947,035 

 
2 doses:  
907,763  

 

 
 
 
 

Symptomatic infection 

0-13 days: -5.5% (-12.9-1.4%)  

≥14 days: 47.9% (43.6-51.9%)  

1 month: 81.5% (79.9-83.0%)  

2 months: 72.5% (69.6-75.1%)  

3 months: 70.6% (66.4-74.3%)  

4 months: 57.0% (48.6-64.0%)  

5 months: 12.0% (-6.1-27.1%)  

6 months: 12.8% (-9.1-30.3%)  

≥7 months: 27.8% (-1.4-48.7%)  

 
 
 

Hospitalisation and death 
 

0-13 days: 7.5% (−11.9-23.6%)  

≥14 days: 65.0% (55.0-72.8%)  

1 month: 95.9% (93.6-97.3%)  

2 months: 96.3% (92.9-98.0%)  

3 months: 93.4% (87.5-96.5%)  

4 months: 80.8% (56.9-91.4%)  

6 months: 81.8% (18.5-95.9%)  

≥7 months: 44.1% (-86.5-83.3%)  

(253) Prospective 
cohort 

7/12/2020 to 
5/2/2021 

23,324 Infection  ≥21 days: 70% (55-85%) ≥7 days: 85% (74-96%) 
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UK. 

(254) Observational  24/1/2021 to 
3/4/2021 

Israel. 

186,109 Infection   ≥7 days: 95.3% (94.9-95.7%) 

Asymptomatic infection  ≥7 days: 91.5% (90.7-92.2%) 

Symptomatic infection  ≥7 days: 97.0% (96.7-97.2%) 

Hospitalisation   ≥7 days: 97.2% (96.8-97.5%) 

Severe or critical infection   ≥7 days: 97.5% (97.1-97.8%) 

Death  ≥7 days: 96.7% (96.0-97.3%) 

(255) Observational 1/3/2021 to 
1/8/2021 

US. 

10,428,
783 

Infection – Pre-Delta period  ≥14 days: 74.2% (68.9-78.7%) 

Infection – Intermediate period  ≥14 days: 66.5% (58.3-73.1%) 

Infection – Delta   ≥14 days: 52.4% (48.0-56.4%) 

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta  

 14–119 days: 85% (68-93%) 

 120–149 days: 81% (34-95%) 

 ≥150 days: 73% (49-86%) 

Infection – Pre-Delta   91% (81-96%) 

[NOTE only 65% of participants in this study received BNT162b2 (33% received mRNA-1273, and 2% received Ad26.COV2.S] 

(257) Observational 15/1/2021 to 
16/4/2021 

France.  

378 Infection – Beta   ≥7 days: 49% (14-69%) 

Severe disease   ≥7 days: 86% (67-94%) 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection – Alpha  ≥21 days: 59% (52-65%)  

Infection – Delta  ≥21 days: 57% (50-63%)  

Infection – Alpha   0-13 days: 77% (66-84%) 

 ≥14 days: 78% (68-84%) 

Infection – Delta  0-13 days: 82% (75-87%) 

 ≥14 days: 80% (77-83%) 

(259) Observational April to May 
2021. 

Canada 

224 Infection  66.2% (2.3-88.3%) 

Symptomatic infection  25.6% (-157.8-78.5%) 

(260) Retrospective 
cohort  

27/12/2020 to 
24/3/2021  

Italy. 

6,423  
Infection  

0-14 days: 47.3% (24.7-63.1%)  
 

≥7 days: 95.1% (62.4-99.4%) 
14-21 days: 84.1% (39.7-95.8%) 

≥21 days: 85.4% (-35.3-98.4%) 

 
Symptomatic infection 

0-14 days: 39.9% (9.1-60.3%)  
 

≥7 days: 93.7% (50.8-99.2%) 
14-21 days: 83.3% (14.8-96.7%) 

≥21 days: 65.9% (-171-95.7%) 

(261) Randomised 
controlled 

trial 

27//7/2020 to 
29/10/2020 

US, Argentina, 
Brazil, 

South Africa, 
Germany, 

Turkey 

44,165 Infection (without evidence of prior 
infection)  

 ≥7 days: 91.3% (89-93.2%) 

Infection (with evidence of previous 
infection) 

 ≥7 days: 91.1% (88.8-93.0%) 

Infection  <11 days: 18.2% (−26.1-47.3%) <7 days: 91.5% (72.9-98.3%) 

≥11 days to second dose: 91.7% 
(79.6-97.4%) 

≥7 days: 91.2% (88.9-93.0%) 
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 ≥7 days to <2 months: 96.2% 
(93.3-98.1%) 

 ≥2 months to <4 months: 90.1% 
(86.6-92.9%) 

 ≥4 months: 83.7% (74.7-89.9%) 

(262) Retrospective 
cohort 

20/12/2020 to 
25/2/2021  

Israel. 

6,710 Symptomatic Infection 7-21 days: 89% (83-94%) ≥7 days: 97% (94-99%) 

 ≥21 days: 98% (94-100%) 

Asymptomatic Infection 7-21 days: 36% (-51-69%) ≥7 days: 86% (69-93%) 

 ≥21 days: 94% (78-98%) 

(263) Cohort 27/12/2020 to 
28/2/2021 
Sweden. 

805,741 Infection ≥14 days: 42% (14-63%) <7 days: 60% (27-81%) 

 ≥7 days: 86% (72-94%) 

(264) Prospective 
cohort 

27/12/2020 to 
26/5/2021 

Spain. 

28,594 Infection – Nursing home residents  12 days: 20% (19.76-20.3%) 90.89% (90.84-90.95% 

40.28% (40.17-40.39) 

26,238 Infection – Nursing home staff 12 days: 20.27% (19.8-20.73%) 85.02% (84.86-85.17%) 

26.49% (26.25-26.74%) 

61,951  
Infection – Healthcare workers 

12 days: 15.44% (15.19-15.68%)  
94% (93.92-94.1%) 33.8% (33.66-33.92%) 

28,594 Hospital admission - Nursing home 
residents  

12 days: 67.59% (65.29-69.75%)  
95.06% (94.73-95.38%) 46.24% (45.62-46.86%) 

Death - Nursing home residents 12 days: 43.95% (37.87-49.44%)  
96.73% (96.43-96.99) 51.71% (51.17-52.23%) 

(265) Cohort 27/12/2020 to 
11/4/2021 
Denmark. 

864,096 Infection - Prioritised risk groups 0-14 days: -72% (-80- -64%) 0-7 days: 42% (33-50%) 

>14 days to second dose: 7% (-1-
15%) 

> 7 days: 82% (79-84%) 

COVID-19-related hospitalisation - 
Prioritised risk groups 

0-14 days: 54% (44-62%) 0-7 days: 90% (80-95%) 

>14 days to second dose: 35% 
(18-49%) 

>7 days: 93% (89-96%) 

COVID-19-related death - Prioritised risk 
groups 

0-14 days: 76% (68-82%)  
>7 days: 94% (90-96%)  >14 to second dose days: 7% (-

15-25%) 

(266) Case-control 27.1.2021 to 
7/2/2021 

Spain. 

268 Infection 52.6% (95%CI: 1.1-77.3)  

(267) Observational 15/12/2020 to 
3/2/2021 
England. 

170,226 Infection  21-27 days: 55.2% (40.8-66.8%)  

Emergency hospital attendance  21-27 days: 57.8% (30.8-74.5%)  

Hospitalisation 21-27 days: 50.1% (19.9-69.5%)  

(268) Cohort 27/12/2020 to 
10/3/2021 

Spain. 

299,209  
 

Infection (without evidence of prior 
infection) 

0-14 days: 28.9% (26.9-31%)  

15-21 days: 51.9% (50.7-53.1%)  

22-28 days: 62.9% (61.9-64%)  

≥29 days: 81.8% (81.0-82.7%)  

 0-14 days: 9.6% (-6.9-26.8%)  
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Infection (with evidence of prior 

infection) 

15-21 days: 25.5% (15.1-36.6%)  

22-28 days: 34.6% (25.7-44.1%)  

≥29 days: 56.8% (47.1-67.7%)  

(269) Observational 1/12/2020 to 
8/5/2021 

UK. 

383,812 Infection  8-20 days after either dose: 56% (51-61%) 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%) 

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(270) Cohort 19/12/2020 to 
14/3/2021 

Israel. 

9,347 Infection 4-10 days: 28% (-18-57%) ≥11 days: 65% (45-79%) 

≥11 days after first, ≤10 days after second: 55% (32-70%) 

Symptomatic infection 4-10 days: 21% (-32-41%) ≥11 days: 90% (84-94%) 

≥11 days after first, ≤10 days after second: 80% (69-87%) 

(271) Prospective 
cohort 

8/12/2020 to 
15/3/2021 
England. 

10,412 Infection 0-6 days: 36% (-6-62%)  

7-13 days: 17% (-28-46%)  

14-20 days: 4% (-60-43%)  

21-27 days: 8% (-59-47%)  

28-34 days: 56% (19-76%)  

35-48 days: 62% (23-81%)  

≥49 days: 51% (-17-80%)  

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(272) Retrospective 
cohort 

1/1/2021 to 
31/3/2021 

US. 

44,498 Infection >14 days after first, ≤14 days after second: 78.1% (71.1-82%) 

  >14 days: 96.8% (95.3-97.8%) 

(273) Prospective 
cohort 

14/12/2020 to 
10/4/2021 

US. 

3,975 Infection ≥14 days after first, <14 days after second:  80% (60-90%) 

 ≥14 days: 93% (78-98%) 

(274) Randomised 
controlled 

trial 

15/10/2020 to 
12/1/2021 

US. 

2,260 Infection - Adolescents (12-15 years of 
age) - (without evidence of prior 

infection) 

 ≥7 days: 100% (75.3-100%) 

Infection - Adolescents (12-15 years of 
age) - (with or without evidence of prior 

infection) 

 ≥7 days: 100% (78.1-100%) 

(275) Retrospective 
cohort 

19/7/2021 to 
13/11/2021 
South Korea. 

444,313 Infection – Adolescents (16-18 years of 
age) 

≥14 days: 91.1% (89.6-92.5%) ≥14 days: 99.1% (98.5-99.5%) 

(276) Prospective 
cohort 

25/7/2021 to 
4/12/2021 

US. 

243 Infection - Adolescents (12-17 years of 
age) 

 ≥14 days: 92% (79-97%) 

(277) 
 

Retrospective 
longitudinal 

cohort 

21/12/2020 
to  

6/2/2021 
Israel. 

5,439,7
34 first 
dose, 

5,112,5
16 

second 
dose 

Infection 14-20 days: 54.3% (50.6-57.8%) 8-14 days: 89.9% (88.6-91.1%) 

Symptomatic infection 14-20 days: 58.3% (54.7-61.6%) 8-14 days: 93.6% (92.7-94.3%) 

Hospitalisation 14-20 days: 74.5% (69.1-79%) 8-14 days: 93.8% (91.9-95.2%) 

Severe/Critical disease  14-20 days: 77.3% (71.2-82.1%) 8-14 days: 94.4% (92.6-95.8%) 

Death 14-20 days: 71.7% (64.1-77.7%) 8-14 days: 91.3% (87.4-94.0%) 

Infection  15-21 days: 96.8% (96.1-97.4%) 
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Symptomatic infection  15-21 days: 98.1% (97.7-98.5%) 

Hospitalisation  15-21 days: 98% (97.1-98.6%) 

Severe/Critical disease   15-21 days: 98.6% (97.8-99.1%) 

Death  15-21 days: 97.7% (95.9-98.7%) 

Infection  22-28 days: 97.3% (96.7-97.8%) 

Symptomatic infection  22-28 days: 97.9% (97.4-98.3%) 

Hospitalisation  22-28 days: 99% (98.4-99.3%) 

Severe/Critical disease   22-28 days: 99.2% (98.6-99.5%) 

Death  22-28 days: 98.6% (97-99.3%) 

(278) Test-negative 
case-control 

January to 
March 2021 

US. 

1,843  
Infection 

≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%) 

 3-6 days: 81.7% (74.3-86.9%) 

 ≥7 days: 93.5% (86.5-96.9%) 

[NOTE: 76% of case-patients and 78% of controls received BNT162b2, remainder received mRNA-1273] 

(279) Prospective 
cohort 

January to April 
2021 

Spain. 

20,961 Infection  21% (3-36%) 65% (56-73%) 

Symptomatic infection 30% (10-45%) 82% (73-88%) 

Symptomatic infection – 18-59 years old 50% (12-72%) 85% (74-91%) 

Symptomatic infection - ≥60 years old 20% (−7-40%) 76% (55-87%) 

Hospitalisation 65% (25-83%) 94% (60-99%) 

(280) Prospective 
cohort 

8/10/2020 to 
22/2/2021 
Scotland. 

409,588  
 
 

Hospitalisation 

0-6 days: 86% (81-90%)  

7-13 days: 53% (45-59%)  

14-20 days: 69% (62-75%)  

21-27 days: 78% (71-83%)  

28-34 days: 91% (85-94%)  

35-41 days: 78% (69-85%)  

≥42 days: 77% (68-83%)  

(281) Test-negative 
case-control 

27/12/2020 to 
30/6/2021 
Belgium, 
Croatia, 

Czechia, France, 
Greece, Ireland, 

Luxembourg, 
Malta, Portugal, 

Spain. 

1,893 Infection  ≥14 days: 76% (61-86%) ≥14 days: 94% (88-97%) 

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 93.3% (92.2-94.4%) 

Infection - 50-64 years old  ≥14 days: 95.0% (94.0-96.0%) 

Infection - ≤65 years old  ≥14 days: 91.4% (90.0-92.8%) 

Hospitalisation - 18-49 years old  ≥14 days: 96.1% (94.1-97.6%) 

Hospitalisation - 50-64 years old  ≥14 days: 95.6% (94.2-96.7%) 

Hospitalisation - ≤65 years old  ≥14 days: 94.8% (94.0-95.5%) 

(283) 1,222 Hospitalisation 12-18 years old 97% (86-100%) ≥14 days: 94% (90-96%) 
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Test-negative 
case-control 

1/7/2021 to 
25/10/2021 

US. 

ICU admission – 12-18 years old  ≥14 days: 98% (93-99%) 

Life support – 12-18 years old  ≥14 days: 98% (92-100%) 

(284) Test-negative 
case-control 

1/7/2021 to 
9/12/2021 

US. 

283 COVID-19 multisystem inflammatory 
syndrome – 12-18 years old 

 ≥14 days: 92% (77-97%) 

 

Oxford 
University/ 
AstraZeneca 
(AZD1222) - 
Non-replicating 
adenovirus viral 
vector 
(ChAdOx1). 

Two doses (0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 8 to 12 weeks. 

(242) Test-negative 
case-control 

26/10/2020 to 
16/5/2021 

UK. 

19,109 Infection - Alpha 48.7% (45.2–51.9%) 74.5% (68.4–79.4%) 

Infection - Delta 30.0% (24.3–35.3%) 67.0% (61.3–71.8%) 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection - Alpha 64% (60-68%)  

Symptomatic infection – Beta or Gamma 48% (28-63%)  

Symptomatic infection - Delta 67% (44-80%)  

Hospitalisation or death - Alpha 85% (81-88%)  

Hospitalisation or death – Bet or Gamma 83% (66-92%)  

Hospitalisation or death - Delta 88% (60-96%)  

(133) Test-negative  
observational 

1/4/2021 to 
6/6/2021 
Scotland. 

462,755 Infection with Alpha variant   73% (66-78%)  

Infection with Delta variant   60% (53-66%) 

(285) Randomised 
controlled 

trial 

1/10/2020 to 
14/1/2021 

UK. 

8,534 Symptomatic infection – Alpha   70.4% (43.6-84%%) 

Symptomatic infection – non-Alpha  81.5% (67.9-89.4%) 

(286) Randomised 
controlled 

trial 

28/8/2020 to 
5/3/2021 

US. 

32,449 Symptomatic infection   79% 

Severe disease or hospitalisation   100% 

(247) Test-negative 
case-control 

12/4/2021 to 
4/6/2021 
England. 

14,019 Hospitalisation – Alpha  76% (61-85%) 86% (53-96%) 

Hospitalisation – Delta  71% (51-83%) 92% (75-97%) 

(287) Randomised 
controlled 

trial 

23/4/2020 to 
4/11/2020 
UK, Brazil. 

11,636 Infection  62.1% (41.0-75.7%) 

(288) Randomised 
controlled 

trial 

24/6/2020 to 
9/11/2020 

South Africa. 

2,026 Symptomatic infection   21.9% (-49.9-59.8%) 

Symptomatic infection - Beta  10.4% (-76.8-54.8%) 

(248) Test-negative 
case-control 

8/12/2020 to 
19/2/2021. 

England. 

156,930 Symptomatic infection  28-34 days: 60% (41-73%)  

  ≥35 days: 73% (27-90%) 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection - Alpha ≥21 days: 63% (55–69%) 0-13 days: 72% (50-84%) 

 ≥14 days: 79% (56–90%) 

Infection Delta ≥21 days: 46% (35–55%) 0-13 days: 71% (64–77%) 

 ≥14 days: 67% (62–71%) 

(289) Test-negative 
case-control 

1/3/2021 to 
31/5/2021  

India 

720 Infection 49% (17-68%) 54% (27-71%) 

Symptomatic infection  58% (28-75%) 64% (38-78%) 

Moderately severe disease Any dosage >3 weeks ago: 95% (44-100%) 

Page 115 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(269) Observational 1/12/2020 to 
8/5/2021 

UK. 

383,812 Infection  8-20 days after either dose: 56% (51-61%) 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%) 

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study] 

(290) Randomised 
controlled 

trial 

28/8/2020 to 
15/1/2021 

US, Chile, Peru. 

32,451 Symptomatic infection  ≥15 days: 74.0% (65.3-80.5%) 

Severe or critical infection   ≥15 days: 100.0% (71.6-NE%) 

Emergency department visit  ≥15 days: 94.8% (59.0-99.3%) 

Hospitalisation   ≥15 days: 94.2% (53.3-99.3%) 

ICU admission  ≥15 days: 100.0 (−1781.6-NE%) 

(291) Clinical trial 23/6/2020 to 
1/12/2020 

Brazil. 

9433 Infection – B.1.1.33  88.2 (5.4, 98.5) 

Infection – B.1.1.28  72.6% (46.4-86.0%) 

Infection – Zeta  68.7% (54.9-78.3%) 

Infection – Gamma  63.6% (−2.1-87.0%) 

Infection – Undetermined variant  56.6% (28.2-73.8%) 

Hospitalisation – Any variant   95% (61-99%) 

(292) Meta-analysis 23/4/2020 to 
6/12/2020 
UK, Brazil, 

South Africa. 

17,178 Asymptomatic infection  ≥14 days: 22.2% (–9·9-45%) 

Symptomatic infection  ≥14 days: 66.7% (57.4-74%) 

Asymptomatic infection - <6 weeks 
prime-boost interval (standard doses) 

 ≥14 days: –11.8% (–189.5-
56.8%) 

Asymptomatic infection - 6-8 weeks 
prime-boost interval (standard doses) 

 ≥14 days: –74.2% (–330.3-
29.5%) 

Asymptomatic infection – 9-11 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 39.9% (–62.3-77.8%) 

Asymptomatic infection - ≥12 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 22.8% (–63.3-63.5%) 

Symptomatic infection - <6 weeks prime-
boost interval (standard doses) 

 ≥14 days: 55.1% (33-69.9%) 

Symptomatic infection - 6-8 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 59.9% (32-76.4%) 

Symptomatic infection – 9-11 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 63.7% (28-81.7%) 

Symptomatic infection - ≥12 weeks 
prime-boost interval (standard doses) 

 ≥14 days: 81.3% (60.3-91.2%) 

(293) 
 

Cross-
sectional 

observational 

1/5/2021 to 
31/5/2021 

India. 

583 Infection  <14 days: 15% (-68-57%) <14 days: 66% (34-81%) 

≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%) 

Hospitalisation  <14 days: 43% (-68-81%) <14 days: 83% (17-96%) 

≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%) 

ICU admission or death <14 days: 62% (-27-89%) <14 days: 93% (35-99%) 

≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%) 

[NOTE: Participants either received Covaxin or Covishield (AZD1222)] 

(279) 
 

Prospective 
cohort 

January to April 
2021 

Spain. 

20,961 Infection  44% (31-54%)  

Symptomatic infection 50% (37-61%)  

Symptomatic infection – 18-59 years old 50% (34-62%)  
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Symptomatic infection - ≥60 years old 53% (19-72%)  

Hospitalisation 92% (46-99%)  

(294) 
 

Retrospective 
cohort 

1/6/2020 to 
31/5/2021 

India. 

11,405 Infection (with evidence of prior 
infection) 

 ≥14 days: 91.1% (84.1-94.9%) 

Infection (without evidence of prior 
infection) 

 ≥14 days: 31.8% (23.5-39.1%) 

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)] 

(280) Prospective 
cohort 

8/10/2020 to 
22/2/2021 
Scotland 

409,588  
 
 

Hospitalisation 

0-6 days: 72% (66-77%)  

7-13 days: 68% (61-73%)  

14-20 days: 73% (66-79%)  

21-27 days: 81% (72-87%)  

28-34 days: 88% (75-94%)  

35-41 days: 97% (63-100%)  

≥42 days: 59% (–296-96%)  

(295) Cohort 17/1/2021 to 
11/5/2021 

Brazil. 

313,328 Death ≥21 days: 94.4% (93.9-94.8%) ≥21 days: 99.8 (99.6-99.9%) 

Death – 75-79 years old ≥21 days: 88% (85.8-90%)  

Death – 80-89 years old ≥21 days: 96.8% (96.5-97.2%)  

Death - ≥90 years old ≥21 days: 99.2% (99.1-99.4%)  

(296) Retrospective 
cohort 

18/1/2021 to 
30/6/2021 

Brazil. 

60,577,
870 

Infection ≥14 days: 34% (33.2-34.7%) 0-13 days: 56.9% (55.3-58.5%) 

 ≥14 days: 70% (68.6-71.3%) 

Hospitalisation ≥14 days: 52.2% (50.9-53.4%) 0-13 days: 69.6% (67.2-71.8%) 

 ≥14 days: 86.8% (85.2-88.2%) 

ICU admission ≥14 days: 54% (51.8-56%) 0-13 days: 69.2% (65-72.8%) 

 ≥14 days: 88.1% (85.4-90.3%) 

Death ≥14 days: 49.3% (47-51.5%) 0-13 days: 72.1% (69.1-74.9%) 

 ≥14 days: 90.2% (88.3-91.8%) 

 

Johnson & 
Johnson 
(Ad26.COV2.S) - 
Recombinant, 
replication-
incompetent 
adenovirus 
serotype 26 
(Ad26) vector. 

One dose (0.5ml) 
intramuscularly 
(deltoid). 

(172) Randomised 
controlled 

trial  

21/9/2020 to 
22/1/2021 
Argentina, 

Brazil, Chile, 
Colombia, 

Mexico, Peru, 
South Africa, 

US. 

39,321 Moderate to severe-critical infection ≥14 days: 66.9% (59.0-73.4%)  

≥28 days: 66.1% (55.0-74.8%)  

Severe-critical infection ≥14 days: 76.7% (54.6-89.1%)  

≥28 days: 85.4% (54.2-96.9%)  

(297) Test-negative 
case-control 

25/6/2021 to 
30/9/2021 

Brazil. 

11,817 Symptomatic infection  14-27 days: 27.4% (8.7-42.7%)  

≥28 days: 50.9% (35.5-63.0%)  

 
Hospitalisation  

14-27 days: 33.5% (-29.1-69.8%)  

≥28 days: 72.9% (35.1-91.1%)  

Admission to an ICU  14-27 days: 56.0% (-52.8-93.1%)  

≥28 days: 92.5% (54.9-99.6%)  

 14-27 days: 65.2% (-74.7-98.1%)  
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Mechanical ventilation  ≥28 days: 88.7% (17.9-99.5%)  

 
Death 

14-27 days: 48.9% (-92.3-92.5%)  

≥28 days: 90.5% (31.5-99.6%)  

(298) Retrospective 
case-control 

27/2/2021 to 
14/4/2021 

US. 

126,572  
Symptomatic infection  

≥1 day: 50.6% (14.0-74.0%)  

≥8 days: 65.5% (23.3-87.5%)  

≥15 days: 76.7% (30.3-95.3%)  

(299) Test-negative 
case-control 

1/7/2021 to 
31/7/2021 

US. 

1,000 Symptomatic infection 51% (95% CI: -2-76%)  

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta 

14–119 days: 85% (68-93%) 

120–149 days: 81% (34-95%) 

≥150 days: 73% (49-86%) 

Infection – Pre-Delta 91% (81-96%) 

[NOTE: 2% of study participants received Ad26.COV2.S (65% received BNT162b2, and 33% received mRNA-1273)] 

(300) Cohort March to July 
2021 
US. 

1,914,6
70 

Infection  79% (77-80%)  

Hospitalisation  81% (79-84%)  

(301) Retrospective 
cohort 

27/2/2021 to 
22/7/2021 US. 

97,787  
Infection  

≥1 day: 73.6% (65.9-79.9%)  

≥8 days: 72.9% (64.2-79.9%)  

≥15 days: 74.2% (64.9-81.6%)  

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 89% (86.5-91.5%) 

Infection - 50-64 years old  ≥14 days: 86.1% (82.5-89.6%) 

Infection - ≤65 years old  ≥14 days: 80.8% (75.2-86.5%) 

Hospitalisation - 18-49 years old  ≥14 days: 95.7% (91.1-98.3%) 

Hospitalisation - 50-64 years old  ≥14 days: 87.5% (82.4-91.4%) 

Hospitalisation - ≤65 years old  ≥14 days: 85.2% (81.1-88.6%) 

 

Moderna 
(mRNA-1273) - 
mRNA 

Two doses 
(100μg, 0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 28 
days between 
doses. 

(245) Test-negative  
case-control 

14/12/2020 to 
3/8/2021 
Canada. 

682,071 Symptomatic infection – Alpha ≥14 days: 83% (80-86%) ≥7 days: 92% (86-96%) 

Symptomatic infection – Beta or Gamma ≥14 days: 77% (63-86%)  

Symptomatic infection – Delta ≥14 days: 72% (57-82%)  

Hospitalisation - Alpha ≥14 days: 79% (74-83%) ≥7 days: 94% (89-97%) 

Hospitalisation – Beta or Gamma ≥14 days: 89% (73-95%)  

Hospitalisation - Delta ≥14 days: 96% (72-99%)  

(246) Retrospective 
case-control  

January to July 
2021 
US. 

60,083 Infection   ≥14 days: 86% (81-90.6%) 

Hospitalisation   ≥14 days: 91.6% (81-97%) 

Admission to an ICU   ≥14 days: 93.3% (57-99.8%) 

(250) Test-negative 
case-control 

17/1/2021 to 
5/6/2021 
Canada. 

5,8476 Infection ≥14 days: 68.7% (59.5-75.9%) ≥7 days: 84.1% (34.9-96.1%) 

(252) Test-negative 
case-control 

23/3/2021 to 
7/9/2021 

1 dose: 
490,828  

Infection - Delta ≥14 days: 79.7% (60.8-89.5%) ≥14 days: 86.1% (78.0-91.3%) 
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Qatar. 2 doses: 
409,041 

(255) Observational 1/3/2021 to 
1/8/2021 

US. 

10,428,
783 

Infection – Pre-Delta period   ≥14 days: 74.7% (66.2-81.1%) 

Infection – Intermediate period   ≥14 days: 70.4% (60.1-78.0%) 

Infection – Delta   ≥14 days: 50.6% (45.0-55.7%) 

(256) Observational 14/12/2020 to 
14/8/2021  

US. 

Delta: 
2,840 
Pre-

Delta: 
7,012  

 
Infection – Delta 

 14–119 days: 85% (68-93%) 

 120–149 days: 81% (34-95%) 

 ≥150 days: 73% (49-86%) 

Infection – Pre-Delta  91% (81-96%) 

[NOTE: 33% of study participants received mRNA-1273 (2% received Ad26.COV2.S, and 65% received BNT162b2)] 

(258) Observational 1/12/2020 to 
1/8/2021  

UK. 

384,543 Infection - Delta 75% (64-83%)  

(259) Observational April to May 
2021. 

Canada 

124 Infection   52.5% (26.9-69.1%) 

Symptomatic infection   65.6% (33.8-82.1%) 

Severe infection   78.6% (47.9-91.2%) 

(272) Retrospective 
cohort 

1/1/2021 to 
31/3/2021 

US. 

4,722 Infection >14 days after first, ≤14 days after second: 91.2% (80.6-96.1%) 

  >14 days: 98.6% (90.1-99.8%) 

(273) Prospective 
cohort 

14/12/2020 to 
10/4/2021 

US. 

3,975 Infection ≥14 days after first, <14 days after second:  83% (40-95%) 

 ≥14 days: 82% (20-96%) 

(177) Randomised 
controlled 

trial 

27/7/2020 to 
23/10/2020 

US. 

30,420 Infection  ≥14 days: 94.1% (89.3-96.8%) 

Infection - ≥18 to <65 years of age  ≥14 days: 95.6% (90.6-97.9%) 

Infection - ≥65 years of age  ≥14 days: 86.4% (61.4-95.2%) 

(302) Retrospective 
cohort 

16/7/2021 to 
15/8/2021 

US. 

827 Infection  ≥14 days: 56.6% (42.0-67.5%)  

Symptomatic infection  ≥14 days: 84.2% (56.4-94.3%) 

(303) Retrospective 
cohort 

22/12/2020 to 
2/2/2021 

US. 

4,028 Infection 8-42 days: 77.5% (61.2-87%)  

15-42 days: 95% (86-98.2%)  

(304) 
 

Test negative 
case-control 

28/10/2020 to 
10/5/2021 

Qatar. 

256,037  
 

Infection – Alpha 

0-6 days: 2.4% (0-21.7%) 0-6 days: 98.0% (94.7-99.5%) 

7-13 days: 0.0% (0.0-11.9%) 7-13 days: 99.2% (95.3-100.0%) 

14-20 days: 81.6% (73.1-87.8%)  

21-27 days: 94.4% (89.1-97.5%)  

 
 

Infection - Beta 

0-6 days: 4.2% (0-15.1%) 0-6 days: 94.2% (92.1-95.9%) 

7-13 days: 0.0% (0.0-0.0%) 7-13 days: 96.4% (94.3-97.9%) 

14-20 days: 47.9% (39.5-55.2%)  

21-27 days: 73.7% (67.6-78.8%)  

 
 

Any severe, critical, or fatal infection 

0-6 days: 18.7% (0-44.7%) 0-6 days: 100.0% (93.9-100.0%) 

7-13 days: 0.0% (0.0-10.1%) 7-13 days: 100.0% (86.9-
100.0%) 
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14-20 days: 70.3% (48.9-83.5%)  

21-27 days: 92.1% (78.4-97.9%)  

(305) Retrospective 
cohort 

27/4/2021 to 
6/6/2021 

US. 

1,945 Symptomatic infection - Mesa 
County, US 

(36% fully vaccinated) Crude vaccine effectiveness 78% (71-84%) 

Symptomatic infection - Other Colorado 
counties, US 

(44% fully vaccinated) Crude vaccine effectiveness 89% (88-91%) 

(306) Prospective 
cohort 

18/12/2020 to 
31/03/2021 

US. 

705,756 Infection  87.4% (85.6-89.1% 

Hospitalisation  95.8% (92.5-97.6%) 

Hospital death  97.9% (84.5-99.7% 

(307) Test-negative 
case control 

1/3/2021 to 
27/7/2021 

US. 

8153 
cases 
and 

matche
d 

controls
. 

Infection - Alpha 
 

≥14 days: 90.1 (82.9 to 94.2) ≥14 days: 98.4 (96.9 to 99.1) 
 

Infection – Delta ≥14 days: 77.0% (60.7-86.5%) ≥14 days: 86.7% (84.3-88.7%) 

Infection – Epsilon ≥14 days: 76.3% (48.1-89.1%) ≥14 days: 97.6% (90.2-99.4%) 

Infection – Gamma ≥14 days: 74.2% (43.8-88.1%) ≥14 days: 95.5% (90.9-97.8%) 

Infection – Iota ≥14 days: 88.8% (0.7-98.7%) ≥14 days: 95.7% (81.7-99.0%) 

Infection – Mu ≥14 days: 45.8% (0.0-88.9%) ≥14 days: 90.4% (73.9-96.5%) 

Infection – Other ≥14 days: 84.3% (65.9-92.7%) ≥14 days: 96.4% (91.2-98.5%) 

Infection - Unidentified ≥14 days: 67.6% (57.1-75.6%) ≥14 days: 79.9% (76.9-82.5%) 

(278) Test-negative 
case-control 

January to 
March 2021 

US. 

1,843 Infection ≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%) 

 3-6 days: 81.7% (74.3-86.9%) 

 ≥7 days: 93.5% (86.5-96.9%) 

[NOTE: 24% of case-patients and 22% of controls received mRNA-1273, remainder received BNT162b2] 

(282) Prospective 
cohort 

1/5/2021 to 
3/9/2021 

US. 

8,690,8
25 

Infection - 18-49 years old  ≥14 days: 96.3% (95.4-97.2%) 

Infection - 50-64 years old  ≥14 days: 97.3% (96.4-98.1%) 

Infection - ≤65 years old  ≥14 days: 96.0% (95.1-96.9%) 

Hospitalisation - 18-49 years old  ≥14 days: 96.6% (94.3-98.1%) 

Hospitalisation - 50-64 years old  ≥14 days: 97.3% (95.9-98.2%) 

Hospitalisation - ≤65 years old  ≥14 days: 97.1% (96.5-97.6%) 

(308) Randomised 
controlled 

trial 

27/7/2020 to 
23/10/2020  

US. 

30,415 Asymptomatic infection  63.0% (56.6-68.5%) 

Symptomatic infection  93.2% (91.0-94.8%) 

Severe infection  98.2% (92.8-99.6%) 

Death  100.0% (NE-100.0%) 

 

Sinopharm 
BBIBP-CorV - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3 
weeks between 
doses. 

(309) Test-negative 
case-control 

18/5/2021 to 
20/6/2021 

China. 

366 Infection  13.8% (-60.2-54.8%) 59.0% (16.0-81.6%) 

Moderately severe infection  70.2% (29.6-89.3%) 

[NOTE: 27.5% of study participants were vaccinated with Sinopharm BIBP (61.3% received CoronaVac)] 

(310) Retrospective 
cohort 

May to June 
2021 

China. 

10,813 Infection with Pneumonia – Delta 8.4% (-47.6-64.4%) 69.5% (42.8-96.3%) 

Severe/critical disease -Delta 100% (NA) 100% (NA) 

(311) Retrospective 
cohort 

9/2/2021 to 
30/6/2021 

606,772 Infection  ≥14 days: 15·3 (12·7 to 17·8 ≥14 days: 49·2 (47·9 to 50·4) 

COVID-19 mortality ≥14 days: 45.2% (28.8-57.8%) ≥14 days: 93.9% (90.9-95.9%) 
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Peru. Infection - ≥60 years old ≥14 days: 14.1% (5.2-22.2%) ≥14 days: 54.7% (50.7-58.3%) 

COVID-19 mortality - ≥60 years old ≥14 days: 25.5% (-10.2-49.7%) ≥14 days: 90.6% (83.8-94.5%) 

(312) Randomised 
controlled 

trial 

16/7/2020 to 
20/12/2020  

UAE, Bahrain. 

40,382 Infection  ≥14 days: 73.5% (60.6-82.2%) 

Symptomatic infection  ≥14 days: 78.1% (64.8-86.3%) 

Severe infection   ≥14 days: 100% (NA) 

(313) Retrospective 
cohort 

1/9/2020 to 
1/5/2021 

UAE. 

176,640 Hospitalisation -20% (-28.6-11.8%) 79.8% (78-81.4%) 

Critical care admission  3.7% (-12.8-18.1%) 92.2% (89.7-94.1%) 

Death 27.9% (-61-72.6%) 97.1% (83-99.9%) 

(314) 
 

Observational 9/12/2020 to 
17/7/2021 

Bahrain. 

569,054 Symptomatic infection  45.5% 

Hospitalisation   44.5% 

Hospitalisation - >50 years old  72% 

Death  63% 

 

Sinovac-
CoronaVac - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 2 to 4 weeks. 

(309) Test-negative 
case-control 

18/5/2021 to 
20/6/2021 

China. 

366 Infection  13.8% (-60.2-54.8%) 59.0% (16.0-81.6%) 

Moderately severe infection  70.2% (29.6-89.3%) 

[NOTE: 61.3% of study participants were vaccinated with CoronaVac (27.5% recieved Sinopharm BIBP)] 

(315) Observational 2/2/2021 to 
1/5/2021 

Chile. 

10,187,
720 

Infection  17.2% (15.8–18.6%) 63.7% (62.8–64.6%) 

Hospitalisation  40.3% (37.6–42.8%) 86.5% (85.6–87.4%) 

Admission to an ICU 45.3% (41.2–49.2%) 90.2% (88.9–91.4%) 

Death 46.0% (40.7–50.8%) 86.7% (84.9–88.3%) 

(316) Test-negative 
case-control 

17/1/2021 to 
29/4/2021 

Brazil. 

43,774 Symptomatic infection - Gamma 0-13 days: −0.8% (−9.4 to 7.2%) 0-13 days: 24.7% (14.7 to 
33.4%) 

≥14 days: 12.5% (3.7 to 20.6%) ≥14 days: 46.8% (38.7 to 53.8%) 

Hospitalisation - Gamma 0-13 days: 6.6% (−4.3 to 16.3%) 0-13 days: 39.1% (28.0 to 
48.5%) 

≥14 days: 16.9% (5.7 to 26.8%) ≥14 days: 55.5% (46.5 to 62.9%) 

Death - Gamma 0-13 days: 13.1% (−1.5 to 25.6%) 0-13 days: 48.9% (34.4 to 
60.1%) 

≥14 days: 31.2% (17.6 to 42.5%) ≥14 days: 61.2% (48.9 to 70.5%) 

(317) Test-negative 
case-control 

19/1/2021 to 
13/4/2021 

Brazil. 

53,153 Infection – Gamma ≥14 days: 49.4% 13.2-71.9%)  ≥14 days: 37.1% (-53.3-74.2%) 

 
Infection  

≥14 days: 35.1% (-6.6-60.5%) 37.9% (-46.4-73.6%) 

(115) Prospective 
cohort 

February to 
March 2021 

Brazil. 

20,187  
Infection  

 ≥14 days: 50.7% (33.3-62.5%) 

 ≥21 days: 51.8% (30-66.0%) 

 ≥28 days: 68.4% (51-80.8%) 

 ≥35 days: 73.8% (57-84.8%) 

(318) Test-negative 
case-control 

15/3/2021 to 
3/10/2021 

Brazil. 

19,838 Symptomatic infection – Pregnant 
women 

≥14 days: 5.02% (-18.22-23.69%) ≥14 days: 40.97% (27.07-
52.22%) 

Severe infection – Pregnant women ≥14 days: 67.74% (20-87%) ≥14 days: 85.39% (59.44-
94.80%) 

(319) 2,656 Symptomatic infection – Gamma ≥14 days: 49.6% (11.3-71.4%)  
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Test-negative 
case-control 

19/1/2021 to 
25/3/2021 

Brazil. 

Symptomatic infection  ≥14 days: 35.1% (-6.6-60.5%)  

(320) Randomised 
controlled 

trial 

14/9/2020 to 
5/1/2021 
Turkey. 

10,029 Symptomatic infection 14-27 days: 46.4% (0.4-71.2%) ≥14 days: 83.5% (65.4-92.1%) 

Hospitalisation   ≥14 days: 100% (20.4-100%) 

(321) 
 

Randomised 
controlled 

trial 

21/7/2020 to 
16/12/2020 

Brazil.  

9,823  
 
 
 

Infection  

≤14 days: -3.3% (-4.8- -1.9%) ≥14 days: 50.7% (35.9-62%) 

14-28 days: 94.0% (55.1-99.2%)  

≤28 days: 42.5% (32.9-50.7%)  

≤42 days: 56.5% (49.6-62.5%)  

≤56 days: 60.4% (56.5-63.9%)  

≤70 days: 54.7% (53.2-56.1%)  

≤84 days: 53.7% (52.7-54.7%)  

≤98 days: 52.5% (51.9-53.1%)  

Infection requiring medical assistance 
(hospitalisation) 

 ≥14 days: 83.7% (58.0-93.7%) 

Moderate infection  ≥14 days: 100% (56.4-100%) 

Severe infection or death  ≥14 days: 100% (16.9-100%) 

Infection - <21 days between 2 doses  ≥14 days: 49.1% (33-61.4%) 

Infection - ≥21 days between 2 doses  ≥14 days: 62.3% (13.9-83.5%) 

(295) Cohort 17/1/2021 to 
11/5/2021 

Brazil. 

313,328 Death ≥21 days: 95.1% (94.7-95.5%) ≥21 days: 99.1% (98.9-99.3%) 

Death – 75-79 years old ≥21 days: 86.3% (84.7-87.7%)  

Death – 80-89 years old ≥21 days: 97.6% (97.2-97.9%)  

Death - ≥90 years old ≥21 days: 99.3% (99.1-99.5%)  

(296) 
 

Retrospective 
cohort 

18/1/2021 to 
30/6/2021 

Brazil 

60,577,
870 

Infection ≥14 days: 16.4% (15.2-17.5%) 0-13 days: 40.3% (39.4-41.2%) 

 ≥14 days: 54.2% (53.4-55.0%) 

Hospitalisation ≥14 days: 26.6% (24.6-28.4%) 0-13 days: 57.3% (56.0-58.6%) 

 ≥14 days: 72.6% (71.6-73.6%) 

ICU admission ≥14 days: 28.1% (24.9-31.1%) 0-13 days: 58.1% (55.9-60.1%) 

 ≥14 days: 74.2% (72.6-75.7%) 

Death ≥14 days: 29.4% (26.7-32.0%) 0-13 days: 58.7% (56.9-60.4%) 

 ≥14 days: 74% (72.6-75.3%) 

 

Bharat Biotech – 
Covaxin – whole 
virion 
inactivated virus 
vaccine 

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 28 days.  

(322) Randomised 
controlled 

trial 

16/11/2020 to 
7/1/2021 

India. 

25 798 Symptomatic infection  ≥14 days: 77.8% (65.2-86.4%) 

Severe disease   ≥14 days: 93.4% (57.1-99.8%) 

Symptomatic infection – 18-59 years old  ≥14 days: 79.4% (66.0-88.2%) 

Symptomatic infection - ≥60 years old  ≥14 days: 67.8% (8.0-90.0%) 

Symptomatic infection – participants 
with pre-existing chronic medical 

condition 

 ≥14 days: 66.2% (33.8-84.0%) 

Asymptomatic infection   ≥14 days: 63.6% (29.0-82.4%) 
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Symptomatic or asymptomatic infection  ≥14 days: 68.8% (46.7-82.5%) 

(323) Test-negative 
case-control 

15/4/2021 to 
15/5/2021 

India. 

3,732 Symptomatic infection <7 days: 40% (-21-71%) <14 days: 27% (-35-61%) 

≥7 days: 1% (-30-25%) ≥14 days: 50% (33-62%) 

≥21 days: –1% (-51-33%) ≥28 days: 46% (22-62%) 

 ≥42 days: 57% (21-76%) 

(293) Cross-
sectional 

observational 

1/5/2021 to 
31/5/2021 

India. 

583 Infection  <14 days: 15% (-68-57%) <14 days: 66% (34-81%) 

≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%) 

Hospitalisation  <14 days: 43% (-68-81%) <14 days: 83% (17-96%) 

≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%) 

ICU admission or death <14 days: 62% (-27-89%) <14 days: 93% (35-99%) 

≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%) 

[NOTE: Participants either received Covaxin or Covishield (AZD1222)] 

(294) Retrospective 
cohort 

1/6/2020 to 
31/5/2021 

India. 

11,405 Infection (with evidence of prior 
infection) 

 ≥14 days: 91.1% (84.1-94.9%) 

Infection (without evidence of prior 
infection) 

 ≥14 days: 31.8% (23.5-39.1%) 

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)] 

(324) 
 

Retrospective 
cohort 

3/3/2020 to 
18/6/2021 

India. 

15,244 Reinfection  86% (77-92%) 

Symptomatic reinfection  87% (76-93%) 

Asymptomatic reinfection  84% (47-95%) 

 

Novavax – NVX-
CoV2373 
(Nuvaxovid)  
or Serum 
Institute of 
India – 
COVOVAX 
(Novavax 
formulation - 
recombinant 
SARS-CoV-2 S 
protein 
nanoparticle as 
a coformulation 
with the 
adjuvant Matrix-
M 

Two doses (0.5 
ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3-4 
weeks.  

 

(325) Randomised 
controlled 

trial 

28/9/2020 to 
28/10/2020 

UK. 

14,039 Infection   89.7% (80.2-94.6%) 

Infection – 18 to 64 years old  89.8% (79.7-95.5%) 

Infection – 65 to 84 years old  88.9% (20.2-99.7%) 

Infection – Alpha   86.3% (71.3-93.5%) 

Infection – Non-Alpha  96.4% (73.8-99.5%) 

(326) Randomised 
controlled 

trial 

27/12.2020 to 
18/2/2021 

US, Mexico. 

29,949 Infection  ≥7 days: 89.3% (81.6-93.8%) 

Infection – COVID-19 high risk group  ≥7 days: 91.0% (83.6-95.0%) 

(327) Randomised 
controlled 

trial 

28/9/2020 to 
28/10/2020 

UK. 

15,139 Infection   89.8% (79.7-95.5%) 

Infection – 18-64 years old  87.5% (–0.2-98.4%) 

(328) 
 

Randomised 
controlled 

trial 

17/7/2020 to 
25/11/2020 
South Africa. 

2,684 Symptomatic infection  ≥7 days: 49.4% (6.1-72.8%) 

Symptomatic infection – Beta  ≥7 days: 51.0% (-0.6-76.2%) 
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Vaccine 
type 

Vaccine Company Countries approved 
for use in 

Clinical trials 

Inactivated 
virus 

KoviVac Chumakov Center 
(Moscow, Russia) 

3 countries:  
Belarus, Cambodia, Russian 

Federation  

Phase 1:  502 (Russian Federation). 
Phase 2:  

502 (Russian Federation). 
622 (Russian Federation). 

QazVac Kazakhstan Research 
Institute for Biological 

Safety Problems 
(RIBSP) (Kazakhstan)  

2 countries: 
Kazakhstan, Kyrgyzstan 

Phase 1: NCT04530357 (Kazakhstan). 
Phase 2: NCT04530357 (Kazakhstan). 
Phase 3: NCT04691908 (Kazakhstan). 

KCONVAC Minhai Biotechnology 
Co. (Beijing, China) 

2 countries: 
China, Indonesia 

Phase 1: 
NCT05003479 (China). 

ChiCTR2000038804, NCT04758273 (China). 
Phase 2: 

ChiCTR2000039462, NCT04756323 (China). 
NCT05003466 (China). 
Phase 3: NCT04852705 

COVIran Barekat Shifa Pharmed 
Industrial Co. (Tehran, 

Iran) 

1 country: 
Iran 

Phase 1: 
IRCT20201202049567N1 (Iran). 
IRCT20201202049567N2 (Iran). 
IRCT20171122037571N3 (Iran). 

Phase 2:  
IRCT20201202049567N3 (Iran). 
IRCT20171122037571N3 (Iran). 

Phase 3: IRCT20201202049567N3 (Iran). 

Inactivated (Vero 
Cells) 

Sinopharm (Wuhan, 
China) 

2 countries: 
China, Philippines 

Phase 1: ChiCTR2000031809 (China) 
Phase 2: 

NCT04885764 (Egypt). 
ChiCTR2000031809 (China). 

Phase 3: 
NCT04885764 (Egypt). 

ChiCTR2000034780 (United Arab Emirates). 
NCT04612972 (Peru). 

NCT04510207 (Bahrain, Egypt, Jordan, 
United Arab Emirates). 

ChiCTR2000039000 (Morocco). 

Turkovac 
 

Health Institutes of 
Turkey (Istanbul, 

Turkey)  

1 country: 
Turkey 

Phase 1: NCT04691947 (Turkey). 
Phase 2: 

NCT04824391 (Turkey). 
NCT04979949 (Turkey).  
NCT05035238 (Turkey). 

Phase 3: 
NCT04942405 (Turkey). 
NCT05077176 (Turkey). 

FAKHRAVAC 
(MIVAC) 

 

Organization of 
Defensive Innovation 

and Research (Tehran, 
Iran) 

1 country: 
Iran 

Phase 1: IRCT20210206050259N1 (Iran). 
Phase 2: IRCT20210206050259N2 (Iran). 
Phase 3: IRCT20210206050259N3 (Iran). 

Non-
replicating 
viral vector 

Convidecia CanSino (Tianjin, 
China) 

10 countries: 
Argentina, Chile, China, 

Ecuador, Hungary, 
Indonesia, Malaysia, 

Mexico, Pakistan, Republic 
of Moldova 

Phase 1: 
NCT05043259 (China).  

ChiCTR2000030906, NCT04313127 (China).  
NCT04568811 (China). 
NCT04840992 (China). 

Phase 2: 
NCT05043259 (China). 

NCT05162482 (Pakistan). 
NCT04840992 (China). 

ChiCTR2000031781, NCT04341389 (China). 
NCT04566770 (China). 

NCT05005156 (Argentina). 
Phase 3:  

NCT05169008 (Chile, Mexico). 
NCT04526990 (Argentina, Chile, Mexico, 

Pakistan, Russian Federation). 
NCT04540419 (Russian Federation). 

Sputnik Light Gamaleya Research 
Institute of 

Epidemiology and 

24 countries: 
Angola, Argentina, Armenia, 
Bahrain, Belarus, Cambodia, 

Egypt, Iran, Kazakhstan, 

Phase 1: NCT04713488 (Russian 
Federation). 

Phase 2: 
NCT04713488 (Russian Federation). 
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Microbiology 
(Moscow, Russia)  

Kyrgyzstan, Lao People's 
Democratic Republic, 
Mauritius, Mongolia, 

Nicaragua, Philippines, 
Republic of the Congo, Russian 

Federation, San Marino, 
Tunisia, Turkmenistan, United 

Arab Emirates, United Republic 
of Tanzania, Venezuela, West 

Bank 

NCT05027672 (Argentina). 
Phase 3: NCT04741061 (Russian 

Federation).  

Sputnik V Gamaleya Research 
Institute of 

Epidemiology and 
Microbiology 

(Moscow, Russia)  

74 countries: 
Albania, Algeria, Angola, 

Antigua and Barbuda, 
Argentina, Armenia, 
Azerbaijan, Bahrain, 

Bangladesh, Belarus, Bolivia, 
Bosnia and Herzegovina, Brazil, 

Cambodia, Cameroon, Chile, 
Djibouti, Ecuador, Egypt, 

Gabon, Ghana, Guatemala, 
Guinea, Guyana, Honduras, 

Hungary, India, Indonesia, Iran, 
Iraq, Jordan, Kazakhstan, 
Kenya, Kyrgyzstan, Lao 

People's Democratic Republic, 
Lebanon, Libya, Maldives, Mali, 
Mauritius, Mexico, Mongolia, 

Montenegro, Morocco, 
Myanmar, Namibia, Nepal, 
Nicaragua, Nigeria, North 

Macedonia, Oman, Pakistan, 
Panama, Paraguay, Philippines, 
Republic of Moldova, Republic 

of the Congo, Russian 
Federation, Rwanda, Saint 

Vincent and the Grenadines, 
San Marino, Serbia, Seychelles, 
Sri Lanka, Syrian Arab Republic, 
Tunisia, Turkey, Turkmenistan, 

United Arab Emirates, 
Uzbekistan, Venezuela, 

Vietnam, West Bank, 
Zimbabwe 

Phase 1: 
NCT04760730 (United Arab Emirates). 

NCT04684446 (Belarus, Russian Federation). 
NCT04436471, 241 (Russian Federation). 

NCT04437875 (Russian Federation). 
Phase 2:  

NCT05027672 (Argentina). 
NCT04988048 (Argentina). 

NCT04954092 (Russian Federation). 
NCT04962906 (Argentina). 
NCT04983537 (Argentina). 

NCT04760730 (United Arab Emirates). 
NCT04684446 (Belarus, Russian Federation). 

NCT04686773 (Azerbaijan). 
NCT04436471, 241 (Russian Federation). 

NCT04437875 (Russian Federation). 
NCT04587219 (Russian Federation). 

NCT04640233 (India). 
Phase 3: 

NCT04564716 (Belarus). 
NCT04530396 (Russian Federation). 

NCT04642339 (Venezuela). 
NCT04656613 (United Arab Emirates).  

NCT04954092 (Russian Federation). 
NCT04640233 (India). 

RNA TAK-919 (Moderna 
formulation) 

Takeda (Tokyo, Japan) 1 country:  
Japan 

Phase 1: NCT04677660 (Japan). 
Phase 2: NCT04677660 (Japan). 

DNA ZyCoV-D Zydus Cadila 
(Ahmedabad, India) 

1 country:  
India 

Phase 1: 
CTRI/2020/07/026352 (India). 
CTRI/2021/03/032051 (India). 

Phase 2:  
CTRI/2020/07/026352 (India). 
CTRI/2021/03/032051 (India). 

Phase 3: CTRI/2021/01/030416 (India). 

Protein 
subunit 

ZF2001 Anhui Zhifei Longcom 
(Hefei, China)  

3 countries: 
China, Indonesia, 

Uzbekistan 

Phase 1: 
NCT04445194 (China). 
NCT04636333 (China). 

NCT04550351, ChiCTR2000035691 (China). 
NCT04961359 (China). 

Phase 2: 
NCT04466085 (China). 
NCT05109598 (China). 
NCT04813562 (China). 

Phase 3: 
NCT05091411 (China). 
NCT05128643 (China). 
NCT05107375 (China). 

ChiCTR2000040153, NCT04646590 (China, 
Ecuador, Indonesia, Pakistan, Uzbekistan). 

ChiCTR2100050849 (China). 

Abdala Center for Genetic 
Engineering and 

Biotechnology (CIGB) 
(Havana, Cuba) 

6 countries: 
Cuba, Mexico, Nicaragua, 

Saint Vincent and the 
Grenadines, Venezuela, 

Vietnam 

Phase 1: 
RPCEC00000345 (Cuba). 
RPCEC00000346 (Cuba). 

Phase 2: 
RPCEC00000345 (Cuba) 
RPCEC00000346 (Cuba). 
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Phase 3: RPCEC00000359 (Cuba).  

EpiVacCorona FBRI (Koltsovo, Russia) 4 countries: 
Cambodia, Russian 

Federation, Turkmenistan, 
Venezuela 

Phase 1: NCT04527575 (Russian 
Federation). 

Phase 2: NCT04527575 (Russian 
Federation). 

Phase 3: NCT04780035 (Russian 
Federation). 

NCT05021016 (Russian Federation) 

Aurora-CoV FBRI (Koltsovo, Russia) 1 country: 
Russian Federation 

Phase 1: 197 (Russian Federation). 
Phase 2: 197 (Russian Federation). 

MVC-COV1901 Medigen 
Biotechnology Corp. 
(Taipei City, Taiwan) 

2 countries: 
Somaliland, Taiwan 

Phase 1: 
NCT05132855 (Taiwan). 
NCT04487210 (Taiwan). 

Phase 2: 
NCT05132855 (Taiwan). 

NCT04695652 (Taiwan, Vietnam). 
NCT04822025 (Taiwan). 
NCT04951388 (Taiwan). 
NCT05038618 (Taiwan). 
NCT05048849 (Taiwan). 
NCT05054621 (Taiwan). 

Phase 3: NCT05011526 (Paraguay) 

SpikoGen Vaxine/CinnaGen Co. 
(Iran) 

1 country: 
Iran 

Phase 1: NCT04453852 (Australia). 
Phase 2: 

IRCT20150303021315N23 (Iran). 
NCT04944368, IRCT20150303021315N23 

(Iran).  
NCT05148871 (Australia). 
Phase 3: NCT05005559, 

IRCT20150303021315N24 (Iran).  
NCT05148871 (Australia). 

NCT05175625, IRCT20150303021315N26 
(Iran). 

Corbevax Biological E Limited 
(Telangana, India) 

 

1 country: 
India 

Phase 1: CTRI/2020/11/029032 (India). 
Phase 2: 

CTRI/2020/11/029032 (India). 
CTRI/2021/06/034014 (India). 
CTRI/2021/10/037066 (India). 

Phase 3: 
CTRI/2021/06/034014 (India). 
CTRI/2021/08/036074 (India). 
CTRI/2021/10/037066 (India). 

Soberana 02 
 

Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba) 

4 countries: 
Cuba, Iran, Nicaragua, 

Venezuela 

Phase 1: IFV/COR/06 (Cuba). 
Phase 2: IFV/COR/08 (Cuba). 
Phase 3: IFV/COR/09 (Cuba). 

Soberana Plus 
 

Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba) 

1 country: 
Cuba 

Phase 1: 
IFV/COR/15 (Cuba). 
IFV/COR/05 (Cuba). 

Phase 2:  
IFV/COR/11 (Cuba). 
IFV/COR/15 (Cuba). 

Phase 3: IFV/COR/09 (Cuba). 

Razi Cov Pars Razi Vaccine and 
Serum Research 

Institute (Karaj, Iran) 

1 country: 
Iran 

Phase 1: IRCT20201214049709N1 (Iran). 
Phase 2: IRCT20201214049709N2 (Iran). 
Phase 3: IRCT20201214049709N3 (Iran).  

Recombinant SARS-
CoV-2 Vaccine (CHO 

Cell) 

National Vaccine and 
Serum Institute 
(Beijing, China) 

1 country: 
United Arab Emirates 

Phase 1: NCT04869592 (China). 
Phase 2: NCT04869592 (China) 

Phase 3: NCT05069129 (United Arab 
Emirates) 
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Supplementary file 1:  

1a: Specific database search terms:  

“transmission”, “host cell entry”, “clinical presentation”, “symptoms”, “risk factors”, “genetic risk”, 

“coronavirus”, “structure”, “genetics”, “replication”, open reading frame”, “structural proteins”, 

“accessory proteins”, “spike”, “receptor binding domain”, “mutation”, “variant of concern”, “variant 

of interest”, “alpha”, “beta”, “gamma”, “delta”, “omicron”, “lambda”, “mu”, “pfizer”, “BNT162b2”, 

“oxford-AtraZeneca”, “AZD1222”, “ChAdOx1”, “johnson and johnson”, “janssen”, “Ad26.COV.2.S”, 

“moderna”, “mrna-1273”, “sinopharm”, “BBIBP-CorV”, “sinovac”, “CoronaVac”, “bharat biotech”, 

“Covaxin”, “BBV152”, “Novavax”, “ Coalition for Epidemic Preparedness Innovations”, “Covovax”, 

“Nuvaxovid”, “NVX-CoV2372”, “immunogenicity” “antibody”, “neutralisation”, “reactogenicity”, 

“safety”, “adverse events”, “effectiveness”, “efficacy”, “immunity”, “booster”, “treatment”, 

“therapy”, “guideline”, “recommendations”.  

 

1b: Selection of studies (inclusion/exclusion criteria):  

Virology studies – preference was given to studies directly examining/discussing SARS-CoV-2, 

however, useful papers that explored the structure, genetics, and virology of coronaviruses in 

general were considered.  

Variant studies – in general, large epidemiological studies that explored the prevalence and risk of 

certain outcomes (e.g. hospitalisation, death, etc.) with COVID-19 infection for certain variants were 

included. Authors aimed to include studies from multiple countries.   

Vaccine studies – Studies with human derived data (e.g. blood sera, phase 1/2 trials) were of 

greatest interest when collating information on immunogenicity, reactogenicity, and safety. Large 

randomised controlled trials, test-negative case-control, and observational studies were of selected 

when exploring vaccine efficacy. Review articles summarising effectiveness studies were excluded, 

unless a meta-analysis was performed.  
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Variants of concern
WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples * 
Alpha B.1.1.7 N501Y            D614G            P681H UK, Sept 2020
Beta B.1.351 N501Y            D614G            E484K             K417N           A701V South Africa, May 2020
Gamma P.1 N501Y            D614G            E484K             K417T            H655Y Brazil, Nov 2020
Delta B.1.617.2 L452R             D614G            P681R            T478K             India, Oct 2020
Omicron B.1.1.529 N501Y            D614G            E484A             P681H           K417N            H655Y

A67V              Δ69-70            T95I                G142D           Δ143-145      N211I 
Δ212              ins215EPE       G339D            S371L            S373P            S375F 
N440K           G446S              S477N             T478K           Q493R           G496S 
Q498R           Y505H              T547K             N679K           N764K           D796Y 
N856K           Q954H             N969K             L981F

South Africa and Botswana, Nov 2021

Variants of Interest
WHO nomenclature or designation Pango Lineage S protein mutations of interest First detected samples *
Lambda C.37 L452Q            D614G            F490S            Peru, Dec 2020
Mu B.1.621 N501Y            D614G            P681H           R346K             E484K            Columbia, Jan 2021

Variants under monitoring
Pango Lineage S protein mutations of interest First detected samples *
B.1.1.318 D614G           P681H              E484K Multiple countries, Jan 2021
C.1.2 N501Y            D614G             E484K            H655Y            N679K            Y449H South Africa, May 2021
B.1.640 N501Y            D614G             P681H            F490R            N394S            R346S 

Y449N            137−145del
Multiple countries, Sep 2021
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Vaccine effectiveness % (95% confidence interval) *Vaccine and 
vaccine type

Recommended 
dose and 

administration

Study 
ref.

Study type Study date 
and 

location(s)

N
Against One dose Two doses

(156) Randomised 
controlled 

trial

27/7/2020 to 
14/11/2020 

US, Argentina, 
Brazil, South 

Africa, 
Germany, and 

Turkey.

37,706 Symptomatic infection 95% (90.3−97.6%)

Documented infection 46% (40-51%) 92% (88-95%)
Symptomatic infection 57% (50-63%) 94% (87-98%)

Hospitalisation 74% (56-86%) 87% (55-100%)

(241) Observational 20/12/2020 to 
1/2/2021

Israel.

1,193,2
36 

Severe disease 62% (39-80%) 92% (75-100%)
Infection with Alpha 47.5% (41.6–52.8%) 93.7% (91.6–95.3%)(242) Test-negative 

case-control
26/10/2020 to 

16/5/2021
UK.

19,109
Infection with Delta 35.6% (22.7–46.4%) 88.0% (85.3–90.1%)

Infection with Beta 75.0% (70.5-78.9%)(243) Test-negative 
case-control

1/2/2021 to 
31/3/2021

Qatar.

213,758
Infection with Alpha or Beta 97.4% (92.2-99.5%)

14-20 days: 48% (41-54%)
≥14 days: 60% (57-64%)Symptomatic infection

35-41 days: 71% (63-78%)

≥7 days: 91% (89-93%)

14-20 days: 62% (44-75%)
≥14 days: 70% (60-77%)

324,033

Hospital admission or death

≥35 days: 91% (73-97%)

≥7 days: 98% (88-100%)

(244) Test-negative 
case-control

14/12/2020 to 
19/4/2021

Canada.

[NOTE: Participants in this study received an mRNA vaccine (either BNT162b2 or mRNA-1273)]
Symptomatic infection - Alpha ≥14 days: 66% (95% CI: 64-68%) ≥7 days: 89% (86–91%)

Symptomatic infection - Beta or Gamma 
variants

≥14 days: 60% (52-67%) ≥7 days: 84% (69–92%)

Symptomatic infection - Delta ≥14 days: 56% (45-64%) ≥7 days: 87% (64–95%)
Against hospitalisation or death - Alpha ≥14 days: 80% (78-82%) ≥7 days: 95% (92-97%) 

Against hospitalisation or death - Beta or 
Gamma 

≥14 days: 77% (69-83%) ≥7 days: 95% (81-99%) 

(245) Test-negative 
case-control

14/12/2020 to 
3/8/2021
Canada.

682,071

Against hospitalisation or death - Delta ≥14 days: 78% (65-86%)
Infection ≥14 days: 86% (81-90.6%)

Hospitalisation ≥14 days: 85% (73-93%)
(246) Retrospective 

case-control 
January to July 

2021
US.

119,463

Admission to an ICU ≥14 days: 87% (46-98.6%)
Infection - Alpha 92% (90–93%)(133) Test-negative 

observational
1/4/2021 to 

6/6/2021
Scotland.

400,827
Infection - Delta 79% (75-82%)

Pfizer/BioNtech 
(BNT162b2) – 

mRNA.

Two doses (30μg, 
0.3ml each) 

intramuscularly 
(deltoid) with a 
recommended 

interval of 21-28 
days between 

doses.

(247) Test-negative 12/4/2021 to 14,019 Hospitalisation - Alpha 83% (62-93%) 95% (78-99%)
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case-control 4/6/2021
England.

Hospitalisation - Delta 94% (46-99%) 96% (86-99%)

10-13 days: 70% (59-78%)
≥14 days: 89% (85-93%)

(248) Test-negative 
case-control

8/12/2020 to 
19/2/2021. 

England.

156,930
Infection

28-34 days: 61% (51-69%)
0-13 days: 14% (0-26%)

14-20 days: 43% (30-53%)Infection 

35-41 days: 75% (63-83%)
Infection ≥21 days: 65% (58-71%)

Infection - non-VOC 72% (58-81%)
Infection - Alpha 67% (57-75%)

(249) Test-negative 
case-control

4/4/2021 to 
1/5/2021
Canada.

16,993

Infection - Gamma 61% (45-72%)
(250) Test-negative 

case-control
17/1/2021 to 

5/6/2021
Canada.

5,8476 Infection ≥14 days: 70.3% (68.1-72.4%) ≥7 days: 85.5% (80.4-89.3%)

Infection ≥7 days: 88% (81-92%)
Infection - Alpha ≥7 days: 86% (81-90%)

(251) Case-control 14/2/2021 to 
3/5/2021
France.

67,760

Infection - Beta/Gamma ≥7 days: 77% (63-86%)
Infection – Delta 65.5% (40.9-79.9%) ≥14 days: 59.6% (50.7-66.9%)(252) Test-negative 

case-control
23/3/2021 to 

7/9/2021
Qatar.

1 dose: 
906,078
2 doses:
877,354

Severe disease or death - Delta 97.3% (84.4-99.5%)

0-13 days: -5.5% (-12.9-1.4%)
≥14 days: 47.9% (43.6-51.9%)
1 month: 81.5% (79.9-83.0%)
2 months: 72.5% (69.6-75.1%)
3 months: 70.6% (66.4-74.3%)
4 months: 57.0% (48.6-64.0%)
5 months: 12.0% (-6.1-27.1%)
6 months: 12.8% (-9.1-30.3%)

Symptomatic infection

≥7 months: 27.8% (-1.4-48.7%)
0-13 days: 7.5% (−11.9-23.6%)
≥14 days: 65.0% (55.0-72.8%)
1 month: 95.9% (93.6-97.3%)
2 months: 96.3% (92.9-98.0%)
3 months: 93.4% (87.5-96.5%)
4 months: 80.8% (56.9-91.4%)
6 months: 81.8% (18.5-95.9%)

(192) Test-negative 
case-control

1/1/2021 to 
5/9/2021

Qatar.

1 dose:
947,035

2 doses: 
907,763 

Hospitalisation and death

≥7 months: 44.1% (-86.5-83.3%)
(253) Prospective 

cohort
7/12/2020 to 

5/2/2021
UK.

23,324 Infection ≥21 days: 70% (55-85%) ≥7 days: 85% (74-96%)
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Infection ≥7 days: 95.3% (94.9-95.7%)
Asymptomatic infection ≥7 days: 91.5% (90.7-92.2%)
Symptomatic infection ≥7 days: 97.0% (96.7-97.2%)

Hospitalisation ≥7 days: 97.2% (96.8-97.5%)
Severe or critical infection ≥7 days: 97.5% (97.1-97.8%)

(254) Observational 24/1/2021 to 
3/4/2021

Israel.

186,109

Death ≥7 days: 96.7% (96.0-97.3%)
Infection – Pre-Delta period ≥14 days: 74.2% (68.9-78.7%)

Infection – Intermediate period ≥14 days: 66.5% (58.3-73.1%)
(255) Observational 1/3/2021 to 

1/8/2021
US.

10,428,
783

Infection – Delta ≥14 days: 52.4% (48.0-56.4%)
14–119 days: 85% (68-93%)

120–149 days: 81% (34-95%)Infection – Delta 
≥150 days: 73% (49-86%)

Delta: 
2,840
Pre-

Delta: 
7,012 

Infection – Pre-Delta 91% (81-96%)

(256) Observational 14/12/2020 to 
14/8/2021 

US.

[NOTE only 65% of participants in this study received BNT162b2 (33% received mRNA-1273, and 2% received Ad26.COV2.S]
Infection – Beta ≥7 days: 49% (14-69%)(257) Observational 15/1/2021 to 

16/4/2021
France. 

378
Severe disease ≥7 days: 86% (67-94%)

Infection – Alpha ≥21 days: 59% (52-65%)
Infection – Delta ≥21 days: 57% (50-63%)

0-13 days: 77% (66-84%)Infection – Alpha 
≥14 days: 78% (68-84%)
0-13 days: 82% (75-87%)

(258) Observational 1/12/2020 to 
1/8/2021 

UK.

384,543

Infection – Delta
≥14 days: 80% (77-83%)

Infection 66.2% (2.3-88.3%)(259) Observational April to May 
2021.

Canada

224
Symptomatic infection 25.6% (-157.8-78.5%)

0-14 days: 47.3% (24.7-63.1%)
14-21 days: 84.1% (39.7-95.8%)Infection 

≥21 days: 85.4% (-35.3-98.4%) ≥7 days: 95.1% (62.4-99.4%)

0-14 days: 39.9% (9.1-60.3%)
14-21 days: 83.3% (14.8-96.7%)

(260) Retrospective 
cohort 

27/12/2020 to 
24/3/2021 

Italy.

6,423

Symptomatic infection

≥21 days: 65.9% (-171-95.7%) ≥7 days: 93.7% (50.8-99.2%)

Infection (without evidence of prior 
infection) 

≥7 days: 91.3% (89-93.2%)

Infection (with evidence of previous 
infection)

≥7 days: 91.1% (88.8-93.0%)

<11 days: 18.2% (−26.1-47.3%) <7 days: 91.5% (72.9-98.3%)
≥11 days to second dose: 91.7% 

(79.6-97.4%)
≥7 days: 91.2% (88.9-93.0%)

(261) Randomised 
controlled 

trial

27//7/2020 to 
29/10/2020

US, Argentina, 
Brazil,

South Africa, 
Germany, 

Turkey

44,165

Infection 

≥7 days to <2 months: 96.2% 
(93.3-98.1%)

Page 131 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



≥2 months to <4 months: 90.1% 
(86.6-92.9%)

≥4 months: 83.7% (74.7-89.9%)
7-21 days: 89% (83-94%) ≥7 days: 97% (94-99%)Symptomatic Infection

≥21 days: 98% (94-100%)
7-21 days: 36% (-51-69%) ≥7 days: 86% (69-93%)

(262) Retrospective 
cohort

20/12/2020 to 
25/2/2021 

Israel.

6,710

Asymptomatic Infection
≥21 days: 94% (78-98%)

≥14 days: 42% (14-63%) <7 days: 60% (27-81%)(263) Cohort 27/12/2020 to 
28/2/2021
Sweden.

805,741 Infection
≥7 days: 86% (72-94%)

12 days: 20% (19.76-20.3%)28,594 Infection – Nursing home residents 
40.28% (40.17-40.39)

90.89% (90.84-90.95%

12 days: 20.27% (19.8-20.73%)26,238 Infection – Nursing home staff
26.49% (26.25-26.74%)

85.02% (84.86-85.17%)

12 days: 15.44% (15.19-15.68%)61,951
Infection – Healthcare workers 33.8% (33.66-33.92%) 94% (93.92-94.1%)

12 days: 67.59% (65.29-69.75%)Hospital admission - Nursing home 
residents 46.24% (45.62-46.86%) 95.06% (94.73-95.38%)

12 days: 43.95% (37.87-49.44%)

(264) Prospective 
cohort

27/12/2020 to 
26/5/2021

Spain.

28,594

Death - Nursing home residents
51.71% (51.17-52.23%) 96.73% (96.43-96.99)

0-14 days: -72% (-80- -64%) 0-7 days: 42% (33-50%)Infection - Prioritised risk groups
>14 days to second dose: 7% (-1-

15%)
> 7 days: 82% (79-84%)

0-14 days: 54% (44-62%) 0-7 days: 90% (80-95%)COVID-19-related hospitalisation - 
Prioritised risk groups >14 days to second dose: 35% 

(18-49%)
>7 days: 93% (89-96%)

0-14 days: 76% (68-82%)

(265) Cohort 27/12/2020 to 
11/4/2021
Denmark.

864,096

COVID-19-related death - Prioritised risk 
groups >14 to second dose days: 7% (-

15-25%)
>7 days: 94% (90-96%) 

(266) Case-control 27.1.2021 to 
7/2/2021

Spain.

268 Infection 52.6% (95%CI: 1.1-77.3)

Infection 21-27 days: 55.2% (40.8-66.8%)
Emergency hospital attendance 21-27 days: 57.8% (30.8-74.5%)

(267) Observational 15/12/2020 to 
3/2/2021
England.

170,226

Hospitalisation 21-27 days: 50.1% (19.9-69.5%)
0-14 days: 28.9% (26.9-31%)

15-21 days: 51.9% (50.7-53.1%)
22-28 days: 62.9% (61.9-64%)Infection (without evidence of prior 

infection)
≥29 days: 81.8% (81.0-82.7%)
0-14 days: 9.6% (-6.9-26.8%)

15-21 days: 25.5% (15.1-36.6%)

(268) Cohort 27/12/2020 to 
10/3/2021

Spain.

299,209

Infection (with evidence of prior 22-28 days: 34.6% (25.7-44.1%)
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infection) ≥29 days: 56.8% (47.1-67.7%)
8-20 days after either dose: 56% (51-61%)383,812 Infection 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%)
(269) Observational 1/12/2020 to 

8/5/2021
UK. [NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study]

4-10 days: 28% (-18-57%) ≥11 days: 65% (45-79%)Infection
≥11 days after first, ≤10 days after second: 55% (32-70%)

4-10 days: 21% (-32-41%) ≥11 days: 90% (84-94%)

(270) Cohort 19/12/2020 to 
14/3/2021

Israel.

9,347

Symptomatic infection
≥11 days after first, ≤10 days after second: 80% (69-87%)
0-6 days: 36% (-6-62%)

7-13 days: 17% (-28-46%)
14-20 days: 4% (-60-43%)
21-27 days: 8% (-59-47%)
28-34 days: 56% (19-76%)
35-48 days: 62% (23-81%)

10,412 Infection

≥49 days: 51% (-17-80%)

(271) Prospective 
cohort

8/12/2020 to 
15/3/2021
England.

[NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study]
>14 days after first, ≤14 days after second: 78.1% (71.1-82%)(272) Retrospective 

cohort
1/1/2021 to 
31/3/2021

US.

44,498 Infection
>14 days: 96.8% (95.3-97.8%)

≥14 days after first, <14 days after second:  80% (60-90%)(273) Prospective 
cohort

14/12/2020 to 
10/4/2021

US.

3,975 Infection
≥14 days: 93% (78-98%)

Infection - Adolescents (12-15 years of 
age) - (without evidence of prior 

infection)

≥7 days: 100% (75.3-100%)(274) Randomised 
controlled 

trial

15/10/2020 to 
12/1/2021

US.

2,260

Infection - Adolescents (12-15 years of 
age) - (with or without evidence of prior 

infection)

≥7 days: 100% (78.1-100%)

(275) Retrospective 
cohort

19/7/2021 to 
13/11/2021
South Korea.

444,313 Infection – Adolescents (16-18 years of 
age)

≥14 days: 91.1% (89.6-92.5%) ≥14 days: 99.1% (98.5-99.5%)

(276) Prospective 
cohort

25/7/2021 to 
4/12/2021

US.

243 Infection - Adolescents (12-17 years of 
age)

≥14 days: 92% (79-97%)

Infection 14-20 days: 54.3% (50.6-57.8%) 8-14 days: 89.9% (88.6-91.1%)
Symptomatic infection 14-20 days: 58.3% (54.7-61.6%) 8-14 days: 93.6% (92.7-94.3%)

Hospitalisation 14-20 days: 74.5% (69.1-79%) 8-14 days: 93.8% (91.9-95.2%)
Severe/Critical disease 14-20 days: 77.3% (71.2-82.1%) 8-14 days: 94.4% (92.6-95.8%)

Death 14-20 days: 71.7% (64.1-77.7%) 8-14 days: 91.3% (87.4-94.0%)
Infection 15-21 days: 96.8% (96.1-97.4%)

Symptomatic infection 15-21 days: 98.1% (97.7-98.5%)

(277) Retrospective 
longitudinal 

cohort

21/12/2020
to 

6/2/2021
Israel.

5,439,7
34 first 
dose,

5,112,5
16 

second 
dose

Hospitalisation 15-21 days: 98% (97.1-98.6%)

Page 133 of 145

https://mc.manuscriptcentral.com/bmjmedicine

BMJ Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Severe/Critical disease 15-21 days: 98.6% (97.8-99.1%)
Death 15-21 days: 97.7% (95.9-98.7%)

Infection 22-28 days: 97.3% (96.7-97.8%)
Symptomatic infection 22-28 days: 97.9% (97.4-98.3%)

Hospitalisation 22-28 days: 99% (98.4-99.3%)
Severe/Critical disease 22-28 days: 99.2% (98.6-99.5%)

Death 22-28 days: 98.6% (97-99.3%)
≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%)

3-6 days: 81.7% (74.3-86.9%)
1,843

Infection

≥7 days: 93.5% (86.5-96.9%)

(278) Test-negative 
case-control

January to 
March 2021

US.

[NOTE: 76% of case-patients and 78% of controls received BNT162b2, remainder received mRNA-1273]
Infection 21% (3-36%) 65% (56-73%)

Symptomatic infection 30% (10-45%) 82% (73-88%)
Symptomatic infection – 18-59 years old 50% (12-72%) 85% (74-91%)

Symptomatic infection - ≥60 years old 20% (−7-40%) 76% (55-87%)

(279) Prospective 
cohort

January to April 
2021
Spain.

20,961

Hospitalisation 65% (25-83%) 94% (60-99%)
0-6 days: 86% (81-90%)

7-13 days: 53% (45-59%)
14-20 days: 69% (62-75%)
21-27 days: 78% (71-83%)
28-34 days: 91% (85-94%)
35-41 days: 78% (69-85%)

(280) Prospective 
cohort

8/10/2020 to 
22/2/2021
Scotland.

409,588

Hospitalisation

≥42 days: 77% (68-83%)
(281) Test-negative 

case-control
27/12/2020 to 

30/6/2021
Belgium, 
Croatia, 

Czechia, France, 
Greece, Ireland, 

Luxembourg, 
Malta, Portugal, 

Spain.

1,893 Infection ≥14 days: 76% (61-86%) ≥14 days: 94% (88-97%)

Infection - 18-49 years old ≥14 days: 93.3% (92.2-94.4%)
Infection - 50-64 years old ≥14 days: 95.0% (94.0-96.0%)
Infection - ≤65 years old ≥14 days: 91.4% (90.0-92.8%)

Hospitalisation - 18-49 years old ≥14 days: 96.1% (94.1-97.6%)
Hospitalisation - 50-64 years old ≥14 days: 95.6% (94.2-96.7%)

(282) Prospective 
cohort

1/5/2021 to 
3/9/2021

US.

8,690,8
25

Hospitalisation - ≤65 years old ≥14 days: 94.8% (94.0-95.5%)
Hospitalisation 12-18 years old 97% (86-100%) ≥14 days: 94% (90-96%)
ICU admission – 12-18 years old ≥14 days: 98% (93-99%)

(283) Test-negative 
case-control

1/7/2021 to 
25/10/2021

US.

1,222

Life support – 12-18 years old ≥14 days: 98% (92-100%)
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(284) Test-negative 
case-control

1/7/2021 to 
9/12/2021

US.

283 COVID-19 multisystem inflammatory 
syndrome – 12-18 years old

≥14 days: 92% (77-97%)

Infection - Alpha 48.7% (45.2–51.9%) 74.5% (68.4–79.4%)(242) Test-negative 
case-control

26/10/2020 to 
16/5/2021

UK.

19,109
Infection - Delta 30.0% (24.3–35.3%) 67.0% (61.3–71.8%)

Symptomatic infection - Alpha 64% (60-68%)
Symptomatic infection – Beta or Gamma 48% (28-63%)

Symptomatic infection - Delta 67% (44-80%)
Hospitalisation or death - Alpha 85% (81-88%)

Hospitalisation or death – Bet or Gamma 83% (66-92%)

(245) Test-negative 
case-control

14/12/2020 to 
3/8/2021
Canada.

682,071

Hospitalisation or death - Delta 88% (60-96%)
Infection with Alpha variant 73% (66-78%) (133) Test-negative 

observational
1/4/2021 to 

6/6/2021
Scotland.

462,755
Infection with Delta variant 60% (53-66%)

Symptomatic infection – Alpha 70.4% (43.6-84%%)(285) Randomised 
controlled 

trial

1/10/2020 to 
14/1/2021

UK.

8,534
Symptomatic infection – non-Alpha 81.5% (67.9-89.4%)

Symptomatic infection 79%(286) Randomised 
controlled 

trial

28/8/2020 to 
5/3/2021

US.

32,449
Severe disease or hospitalisation 100%

Hospitalisation – Alpha 76% (61-85%) 86% (53-96%)(247) Test-negative 
case-control

12/4/2021 to 
4/6/2021
England.

14,019
Hospitalisation – Delta 71% (51-83%) 92% (75-97%)

(287) Randomised 
controlled 

trial

23/4/2020 to 
4/11/2020
UK, Brazil.

11,636 Infection 62.1% (41.0-75.7%)

Symptomatic infection 21.9% (-49.9-59.8%)(288) Randomised 
controlled 

trial

24/6/2020 to 
9/11/2020

South Africa.

2,026
Symptomatic infection - Beta 10.4% (-76.8-54.8%)

Symptomatic infection 28-34 days: 60% (41-73%) (248) Test-negative 
case-control

8/12/2020 to 
19/2/2021. 

England.

156,930
≥35 days: 73% (27-90%)

≥21 days: 63% (55–69%) 0-13 days: 72% (50-84%)Infection - Alpha
≥14 days: 79% (56–90%)

≥21 days: 46% (35–55%) 0-13 days: 71% (64–77%)

(258) Observational 1/12/2020 to 
1/8/2021 

UK.

384,543

Infection Delta
≥14 days: 67% (62–71%)

Infection 49% (17-68%) 54% (27-71%)
Symptomatic infection 58% (28-75%) 64% (38-78%)

(289) Test-negative 
case-control

1/3/2021 to 
31/5/2021 

India

720

Moderately severe disease Any dosage >3 weeks ago: 95% (44-100%)
8-20 days after either dose: 56% (51-61%)383,812 Infection 

≥21 days: 64% (59-68%) ≥21 days: 80% (74-84%)

Oxford 
University/ 
AstraZeneca 
(AZD1222) - 
Non-replicating 
adenovirus viral 
vector 
(ChAdOx1).

Two doses (0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 8 to 12 weeks.

(269) Observational 1/12/2020 to 
8/5/2021

UK. [NOTE: Both BNT162b2 and AZD1222 vaccines were included in this study]
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Symptomatic infection ≥15 days: 74.0% (65.3-80.5%)
Severe or critical infection ≥15 days: 100.0% (71.6-NE%)

Emergency department visit ≥15 days: 94.8% (59.0-99.3%)
Hospitalisation ≥15 days: 94.2% (53.3-99.3%)

(290) Randomised 
controlled 

trial

28/8/2020 to 
15/1/2021

US, Chile, Peru.

32,451

ICU admission ≥15 days: 100.0 (−1781.6-NE%)
Infection – B.1.1.33 88.2 (5.4, 98.5)
Infection – B.1.1.28 72.6% (46.4-86.0%)

Infection – Zeta 68.7% (54.9-78.3%)
Infection – Gamma 63.6% (−2.1-87.0%)

Infection – Undetermined variant 56.6% (28.2-73.8%)

(291) Clinical trial 23/6/2020 to 
1/12/2020

Brazil.

9433

Hospitalisation – Any variant 95% (61-99%)
Asymptomatic infection ≥14 days: 22.2% (–9·9-45%)
Symptomatic infection ≥14 days: 66.7% (57.4-74%)

Asymptomatic infection - <6 weeks 
prime-boost interval (standard doses)

≥14 days: –11.8% (–189.5-
56.8%)

Asymptomatic infection - 6-8 weeks 
prime-boost interval (standard doses)

≥14 days: –74.2% (–330.3-
29.5%)

Asymptomatic infection – 9-11 weeks 
prime-boost interval (standard doses)

≥14 days: 39.9% (–62.3-77.8%)

Asymptomatic infection - ≥12 weeks 
prime-boost interval (standard doses)

≥14 days: 22.8% (–63.3-63.5%)

Symptomatic infection - <6 weeks prime-
boost interval (standard doses)

≥14 days: 55.1% (33-69.9%)

Symptomatic infection - 6-8 weeks 
prime-boost interval (standard doses)

≥14 days: 59.9% (32-76.4%)

Symptomatic infection – 9-11 weeks 
prime-boost interval (standard doses)

≥14 days: 63.7% (28-81.7%)

(292) Meta-analysis 23/4/2020 to 
6/12/2020
UK, Brazil, 

South Africa.

17,178

Symptomatic infection - ≥12 weeks 
prime-boost interval (standard doses)

≥14 days: 81.3% (60.3-91.2%)

<14 days: 15% (-68-57%) <14 days: 66% (34-81%)Infection 
≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%)

<14 days: 43% (-68-81%) <14 days: 83% (17-96%)Hospitalisation 
≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%)
<14 days: 62% (-27-89%) <14 days: 93% (35-99%)

583

ICU admission or death
≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%)

(293) Cross-
sectional 

observational

1/5/2021 to 
31/5/2021

India.

[NOTE: Participants either received Covaxin or Covishield (AZD1222)]
Infection 44% (31-54%)

Symptomatic infection 50% (37-61%)
Symptomatic infection – 18-59 years old 50% (34-62%)

Symptomatic infection - ≥60 years old 53% (19-72%)

(279) Prospective 
cohort

January to April 
2021
Spain.

20,961

Hospitalisation 92% (46-99%)
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Infection (with evidence of prior 
infection)

≥14 days: 91.1% (84.1-94.9%)11,405

Infection (without evidence of prior 
infection)

≥14 days: 31.8% (23.5-39.1%)

(294) Retrospective 
cohort

1/6/2020 to 
31/5/2021

India.

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)]
0-6 days: 72% (66-77%)

7-13 days: 68% (61-73%)
14-20 days: 73% (66-79%)
21-27 days: 81% (72-87%)
28-34 days: 88% (75-94%)

35-41 days: 97% (63-100%)

(280) Prospective 
cohort

8/10/2020 to 
22/2/2021
Scotland

409,588

Hospitalisation

≥42 days: 59% (–296-96%)
Death ≥21 days: 94.4% (93.9-94.8%) ≥21 days: 99.8 (99.6-99.9%)

Death – 75-79 years old ≥21 days: 88% (85.8-90%)
Death – 80-89 years old ≥21 days: 96.8% (96.5-97.2%)

(295) Cohort 17/1/2021 to 
11/5/2021

Brazil.

313,328

Death - ≥90 years old ≥21 days: 99.2% (99.1-99.4%)
≥14 days: 34% (33.2-34.7%) 0-13 days: 56.9% (55.3-58.5%)Infection

≥14 days: 70% (68.6-71.3%)
≥14 days: 52.2% (50.9-53.4%) 0-13 days: 69.6% (67.2-71.8%)Hospitalisation

≥14 days: 86.8% (85.2-88.2%)
≥14 days: 54% (51.8-56%) 0-13 days: 69.2% (65-72.8%)ICU admission

≥14 days: 88.1% (85.4-90.3%)
≥14 days: 49.3% (47-51.5%) 0-13 days: 72.1% (69.1-74.9%)

(296) Retrospective 
cohort

18/1/2021 to 
30/6/2021

Brazil.

60,577,
870

Death
≥14 days: 90.2% (88.3-91.8%)

≥14 days: 66.9% (59.0-73.4%)Moderate to severe-critical infection
≥28 days: 66.1% (55.0-74.8%)
≥14 days: 76.7% (54.6-89.1%)

(172) Randomised 
controlled 

trial 

21/9/2020 to 
22/1/2021
Argentina, 

Brazil, Chile, 
Colombia, 

Mexico, Peru, 
South Africa,

US.

39,321

Severe-critical infection
≥28 days: 85.4% (54.2-96.9%)

14-27 days: 27.4% (8.7-42.7%)Symptomatic infection 
≥28 days: 50.9% (35.5-63.0%)

14-27 days: 33.5% (-29.1-69.8%)
Hospitalisation ≥28 days: 72.9% (35.1-91.1%)

14-27 days: 56.0% (-52.8-93.1%)Admission to an ICU 
≥28 days: 92.5% (54.9-99.6%)

14-27 days: 65.2% (-74.7-98.1%)
Mechanical ventilation ≥28 days: 88.7% (17.9-99.5%)

Johnson & 
Johnson 
(Ad26.COV2.S) - 
Recombinant, 
replication-
incompetent 
adenovirus 
serotype 26 
(Ad26) vector.

One dose (0.5ml) 
intramuscularly 
(deltoid).

(297) Test-negative 
case-control

25/6/2021 to 
30/9/2021

Brazil.

11,817

14-27 days: 48.9% (-92.3-92.5%)
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Death ≥28 days: 90.5% (31.5-99.6%)
≥1 day: 50.6% (14.0-74.0%)
≥8 days: 65.5% (23.3-87.5%)

(298) Retrospective 
case-control

27/2/2021 to 
14/4/2021

US.

126,572
Symptomatic infection 

≥15 days: 76.7% (30.3-95.3%)
(299) Test-negative 

case-control
1/7/2021 to 
31/7/2021

US.

1,000 Symptomatic infection 51% (95% CI: -2-76%)

14–119 days: 85% (68-93%)
120–149 days: 81% (34-95%)Infection – Delta

≥150 days: 73% (49-86%)

Delta: 
2,840
Pre-

Delta: 
7,012 Infection – Pre-Delta 91% (81-96%)

(256) Observational 14/12/2020 to 
14/8/2021 

US.

[NOTE: 2% of study participants received Ad26.COV2.S (65% received BNT162b2, and 33% received mRNA-1273)]
Infection 79% (77-80%)(300) Cohort March to July 

2021
US.

1,914,6
70 Hospitalisation 81% (79-84%)

≥1 day: 73.6% (65.9-79.9%)
≥8 days: 72.9% (64.2-79.9%)

(301) Retrospective 
cohort

27/2/2021 to 
22/7/2021 US.

97,787
Infection 

≥15 days: 74.2% (64.9-81.6%)
Infection - 18-49 years old ≥14 days: 89% (86.5-91.5%)
Infection - 50-64 years old ≥14 days: 86.1% (82.5-89.6%)
Infection - ≤65 years old ≥14 days: 80.8% (75.2-86.5%)

Hospitalisation - 18-49 years old ≥14 days: 95.7% (91.1-98.3%)
Hospitalisation - 50-64 years old ≥14 days: 87.5% (82.4-91.4%)

(282) Prospective 
cohort

1/5/2021 to 
3/9/2021

US.

8,690,8
25

Hospitalisation - ≤65 years old ≥14 days: 85.2% (81.1-88.6%)

Symptomatic infection – Alpha ≥14 days: 83% (80-86%) ≥7 days: 92% (86-96%)
Symptomatic infection – Beta or Gamma ≥14 days: 77% (63-86%)

Symptomatic infection – Delta ≥14 days: 72% (57-82%)
Hospitalisation - Alpha ≥14 days: 79% (74-83%) ≥7 days: 94% (89-97%)

Hospitalisation – Beta or Gamma ≥14 days: 89% (73-95%)

(245) Test-negative 
case-control

14/12/2020 to 
3/8/2021
Canada.

682,071

Hospitalisation - Delta ≥14 days: 96% (72-99%)
Infection ≥14 days: 86% (81-90.6%)

Hospitalisation ≥14 days: 91.6% (81-97%)
(246) Retrospective 

case-control 
January to July 

2021
US.

60,083

Admission to an ICU ≥14 days: 93.3% (57-99.8%)
(250) Test-negative 

case-control
17/1/2021 to 

5/6/2021
Canada.

5,8476 Infection ≥14 days: 68.7% (59.5-75.9%) ≥7 days: 84.1% (34.9-96.1%)

(252) Test-negative 
case-control

23/3/2021 to 
7/9/2021

Qatar.

1 dose: 
490,828 
2 doses: 
409,041

Infection - Delta ≥14 days: 79.7% (60.8-89.5%) ≥14 days: 86.1% (78.0-91.3%)

Moderna 
(mRNA-1273) - 
mRNA

Two doses 
(100μg, 0.5ml 
each) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 28 
days between 
doses.

(255) Observational 1/3/2021 to 10,428, Infection – Pre-Delta period ≥14 days: 74.7% (66.2-81.1%)
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Infection – Intermediate period ≥14 days: 70.4% (60.1-78.0%)1/8/2021
US.

783
Infection – Delta ≥14 days: 50.6% (45.0-55.7%)

14–119 days: 85% (68-93%)
120–149 days: 81% (34-95%)Infection – Delta

≥150 days: 73% (49-86%)

Delta: 
2,840
Pre-

Delta: 
7,012 Infection – Pre-Delta 91% (81-96%)

(256) Observational 14/12/2020 to 
14/8/2021 

US.

[NOTE: 33% of study participants received mRNA-1273 (2% received Ad26.COV2.S, and 65% received BNT162b2)]
(258) Observational 1/12/2020 to 

1/8/2021 
UK.

384,543 Infection - Delta 75% (64-83%)

Infection 52.5% (26.9-69.1%)
Symptomatic infection 65.6% (33.8-82.1%)

(259) Observational April to May 
2021.

Canada

124

Severe infection 78.6% (47.9-91.2%)
>14 days after first, ≤14 days after second: 91.2% (80.6-96.1%)(272) Retrospective 

cohort
1/1/2021 to 
31/3/2021

US.

4,722 Infection
>14 days: 98.6% (90.1-99.8%)

≥14 days after first, <14 days after second:  83% (40-95%)(273) Prospective 
cohort

14/12/2020 to 
10/4/2021

US.

3,975 Infection
≥14 days: 82% (20-96%)

Infection ≥14 days: 94.1% (89.3-96.8%)
Infection - ≥18 to <65 years of age ≥14 days: 95.6% (90.6-97.9%)

(177) Randomised 
controlled 

trial

27/7/2020 to 
23/10/2020

US.

30,420

Infection - ≥65 years of age ≥14 days: 86.4% (61.4-95.2%)
Infection ≥14 days: 56.6% (42.0-67.5%) (302) Retrospective 

cohort
16/7/2021 to 

15/8/2021
US.

827
Symptomatic infection ≥14 days: 84.2% (56.4-94.3%)

8-42 days: 77.5% (61.2-87%)(303) Retrospective 
cohort

22/12/2020 to 
2/2/2021

US.

4,028 Infection
15-42 days: 95% (86-98.2%)

0-6 days: 2.4% (0-21.7%) 0-6 days: 98.0% (94.7-99.5%)
7-13 days: 0.0% (0.0-11.9%) 7-13 days: 99.2% (95.3-100.0%)

14-20 days: 81.6% (73.1-87.8%)Infection – Alpha

21-27 days: 94.4% (89.1-97.5%)
0-6 days: 4.2% (0-15.1%) 0-6 days: 94.2% (92.1-95.9%)

7-13 days: 0.0% (0.0-0.0%) 7-13 days: 96.4% (94.3-97.9%)
14-20 days: 47.9% (39.5-55.2%)Infection - Beta

21-27 days: 73.7% (67.6-78.8%)
0-6 days: 18.7% (0-44.7%) 0-6 days: 100.0% (93.9-100.0%)

7-13 days: 0.0% (0.0-10.1%) 7-13 days: 100.0% (86.9-
100.0%)

14-20 days: 70.3% (48.9-83.5%)

(304) Test negative 
case-control

28/10/2020 to 
10/5/2021

Qatar.

256,037

Any severe, critical, or fatal infection

21-27 days: 92.1% (78.4-97.9%)
(305) Retrospective 27/4/2021 to 1,945 Symptomatic infection - Mesa (36% fully vaccinated) Crude vaccine effectiveness 78% (71-84%)
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County, UScohort 6/6/2021
US. Symptomatic infection - Other Colorado

counties, US
(44% fully vaccinated) Crude vaccine effectiveness 89% (88-91%)

Infection 87.4% (85.6-89.1%
Hospitalisation 95.8% (92.5-97.6%)

(306) Prospective 
cohort

18/12/2020 to 
31/03/2021

US.

705,756

Hospital death 97.9% (84.5-99.7%
Infection - Alpha ≥14 days: 90.1 (82.9 to 94.2) ≥14 days: 98.4 (96.9 to 99.1)

Infection – Delta ≥14 days: 77.0% (60.7-86.5%) ≥14 days: 86.7% (84.3-88.7%)
Infection – Epsilon ≥14 days: 76.3% (48.1-89.1%) ≥14 days: 97.6% (90.2-99.4%)
Infection – Gamma ≥14 days: 74.2% (43.8-88.1%) ≥14 days: 95.5% (90.9-97.8%)

Infection – Iota ≥14 days: 88.8% (0.7-98.7%) ≥14 days: 95.7% (81.7-99.0%)
Infection – Mu ≥14 days: 45.8% (0.0-88.9%) ≥14 days: 90.4% (73.9-96.5%)

Infection – Other ≥14 days: 84.3% (65.9-92.7%) ≥14 days: 96.4% (91.2-98.5%)

(307) Test-negative 
case control

1/3/2021 to 
27/7/2021

US.

8153 
cases 
and 

matche
d 

controls
.

Infection - Unidentified ≥14 days: 67.6% (57.1-75.6%) ≥14 days: 79.9% (76.9-82.5%)
≥14 days: 81.7% (74.3-86.9%) ≤2 days: 81.7% (74.3-86.9%)

3-6 days: 81.7% (74.3-86.9%)
1,843 Infection

≥7 days: 93.5% (86.5-96.9%)

(278) Test-negative 
case-control

January to 
March 2021

US.

[NOTE: 24% of case-patients and 22% of controls received mRNA-1273, remainder received BNT162b2]
Infection - 18-49 years old ≥14 days: 96.3% (95.4-97.2%)
Infection - 50-64 years old ≥14 days: 97.3% (96.4-98.1%)
Infection - ≤65 years old ≥14 days: 96.0% (95.1-96.9%)

Hospitalisation - 18-49 years old ≥14 days: 96.6% (94.3-98.1%)
Hospitalisation - 50-64 years old ≥14 days: 97.3% (95.9-98.2%)

(282) Prospective 
cohort

1/5/2021 to 
3/9/2021

US.

8,690,8
25

Hospitalisation - ≤65 years old ≥14 days: 97.1% (96.5-97.6%)
Asymptomatic infection 63.0% (56.6-68.5%)
Symptomatic infection 93.2% (91.0-94.8%)

Severe infection 98.2% (92.8-99.6%)

(308) Randomised 
controlled 

trial

27/7/2020 to 
23/10/2020 

US.

30,415

Death 100.0% (NE-100.0%)

Infection 13.8% (-60.2-54.8%) 59.0% (16.0-81.6%)366
Moderately severe infection 70.2% (29.6-89.3%)

(309) Test-negative 
case-control

18/5/2021 to 
20/6/2021

China. [NOTE: 27.5% of study participants were vaccinated with Sinopharm BIBP (61.3% received CoronaVac)]
Infection with Pneumonia – Delta 8.4% (-47.6-64.4%) 69.5% (42.8-96.3%)(310) Retrospective 

cohort
May to June 

2021
China.

10,813
Severe/critical disease -Delta 100% (NA) 100% (NA)

Infection ≥14 days: 15·3 (12·7 to 17·8 ≥14 days: 49·2 (47·9 to 50·4)
COVID-19 mortality ≥14 days: 45.2% (28.8-57.8%) ≥14 days: 93.9% (90.9-95.9%)

Infection - ≥60 years old ≥14 days: 14.1% (5.2-22.2%) ≥14 days: 54.7% (50.7-58.3%)

(311) Retrospective 
cohort

9/2/2021 to 
30/6/2021

Peru.

606,772

COVID-19 mortality - ≥60 years old ≥14 days: 25.5% (-10.2-49.7%) ≥14 days: 90.6% (83.8-94.5%)

Sinopharm 
BBIBP-CorV - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3 
weeks between 
doses.

(312) Randomised 16/7/2020 to 40,382 Infection ≥14 days: 73.5% (60.6-82.2%)
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Symptomatic infection ≥14 days: 78.1% (64.8-86.3%)controlled 
trial

20/12/2020 
UAE, Bahrain. Severe infection ≥14 days: 100% (NA)

Hospitalisation -20% (-28.6-11.8%) 79.8% (78-81.4%)
Critical care admission 3.7% (-12.8-18.1%) 92.2% (89.7-94.1%)

(313) Retrospective 
cohort

1/9/2020 to 
1/5/2021

UAE.

176,640

Death 27.9% (-61-72.6%) 97.1% (83-99.9%)
Symptomatic infection 45.5%

Hospitalisation 44.5%
Hospitalisation - >50 years old 72%

(314) Observational 9/12/2020 to 
17/7/2021

Bahrain.

569,054

Death 63%

Infection 13.8% (-60.2-54.8%) 59.0% (16.0-81.6%)366
Moderately severe infection 70.2% (29.6-89.3%)

(309) Test-negative 
case-control

18/5/2021 to 
20/6/2021

China. [NOTE: 61.3% of study participants were vaccinated with CoronaVac (27.5% recieved Sinopharm BIBP)]
Infection 17.2% (15.8–18.6%) 63.7% (62.8–64.6%)

Hospitalisation 40.3% (37.6–42.8%) 86.5% (85.6–87.4%)
Admission to an ICU 45.3% (41.2–49.2%) 90.2% (88.9–91.4%)

(315) Observational 2/2/2021 to 
1/5/2021

Chile.

10,187,
720

Death 46.0% (40.7–50.8%) 86.7% (84.9–88.3%)
0-13 days: −0.8% (−9.4 to 7.2%) 0-13 days: 24.7% (14.7 to 

33.4%)
Symptomatic infection - Gamma

≥14 days: 12.5% (3.7 to 20.6%) ≥14 days: 46.8% (38.7 to 53.8%)
0-13 days: 6.6% (−4.3 to 16.3%) 0-13 days: 39.1% (28.0 to 

48.5%)
Hospitalisation - Gamma

≥14 days: 16.9% (5.7 to 26.8%) ≥14 days: 55.5% (46.5 to 62.9%)
0-13 days: 13.1% (−1.5 to 25.6%) 0-13 days: 48.9% (34.4 to 

60.1%)

(316) Test-negative 
case-control

17/1/2021 to 
29/4/2021

Brazil.

43,774

Death - Gamma

≥14 days: 31.2% (17.6 to 42.5%) ≥14 days: 61.2% (48.9 to 70.5%)
Infection – Gamma ≥14 days: 49.4% 13.2-71.9%) ≥14 days: 37.1% (-53.3-74.2%)(317) Test-negative 

case-control
19/1/2021 to 

13/4/2021
Brazil.

53,153

Infection 
≥14 days: 35.1% (-6.6-60.5%) 37.9% (-46.4-73.6%)

≥14 days: 50.7% (33.3-62.5%)
≥21 days: 51.8% (30-66.0%)
≥28 days: 68.4% (51-80.8%)

(115) Prospective 
cohort

February to 
March 2021

Brazil.

20,187
Infection 

≥35 days: 73.8% (57-84.8%)
Symptomatic infection – Pregnant 

women
≥14 days: 5.02% (-18.22-23.69%) ≥14 days: 40.97% (27.07-

52.22%)
(318) Test-negative 

case-control
15/3/2021 to 

3/10/2021
Brazil.

19,838

Severe infection – Pregnant women ≥14 days: 67.74% (20-87%) ≥14 days: 85.39% (59.44-
94.80%)

Symptomatic infection – Gamma ≥14 days: 49.6% (11.3-71.4%)(319) Test-negative 
case-control

19/1/2021 to 
25/3/2021

Brazil.

2,656
Symptomatic infection ≥14 days: 35.1% (-6.6-60.5%)

Symptomatic infection 14-27 days: 46.4% (0.4-71.2%) ≥14 days: 83.5% (65.4-92.1%)

Sinovac-
CoronaVac - 
Aluminium-
hydroxide-
adjuvanted, 
inactivated 
whole virus 
vaccine

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 2 to 4 weeks.

(320) Randomised 
controlled 

14/9/2020 to 
5/1/2021

10,029
Hospitalisation ≥14 days: 100% (20.4-100%)
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trial Turkey.
≤14 days: -3.3% (-4.8- -1.9%) ≥14 days: 50.7% (35.9-62%)

14-28 days: 94.0% (55.1-99.2%)
≤28 days: 42.5% (32.9-50.7%)
≤42 days: 56.5% (49.6-62.5%)
≤56 days: 60.4% (56.5-63.9%)
≤70 days: 54.7% (53.2-56.1%)
≤84 days: 53.7% (52.7-54.7%)

Infection 

≤98 days: 52.5% (51.9-53.1%)
Infection requiring medical assistance 

(hospitalisation)
≥14 days: 83.7% (58.0-93.7%)

Moderate infection ≥14 days: 100% (56.4-100%)
Severe infection or death ≥14 days: 100% (16.9-100%)

Infection - <21 days between 2 doses ≥14 days: 49.1% (33-61.4%)

(321) Randomised 
controlled 

trial

21/7/2020 to 
16/12/2020

Brazil. 

9,823

Infection - ≥21 days between 2 doses ≥14 days: 62.3% (13.9-83.5%)
Death ≥21 days: 95.1% (94.7-95.5%) ≥21 days: 99.1% (98.9-99.3%)

Death – 75-79 years old ≥21 days: 86.3% (84.7-87.7%)
Death – 80-89 years old ≥21 days: 97.6% (97.2-97.9%)

(295) Cohort 17/1/2021 to 
11/5/2021

Brazil.

313,328

Death - ≥90 years old ≥21 days: 99.3% (99.1-99.5%)
≥14 days: 16.4% (15.2-17.5%) 0-13 days: 40.3% (39.4-41.2%)Infection

≥14 days: 54.2% (53.4-55.0%)
≥14 days: 26.6% (24.6-28.4%) 0-13 days: 57.3% (56.0-58.6%)Hospitalisation

≥14 days: 72.6% (71.6-73.6%)
≥14 days: 28.1% (24.9-31.1%) 0-13 days: 58.1% (55.9-60.1%)ICU admission

≥14 days: 74.2% (72.6-75.7%)
≥14 days: 29.4% (26.7-32.0%) 0-13 days: 58.7% (56.9-60.4%)

(296) Retrospective 
cohort

18/1/2021 to 
30/6/2021

Brazil

60,577,
870

Death
≥14 days: 74% (72.6-75.3%)

Symptomatic infection ≥14 days: 77.8% (65.2-86.4%)
Severe disease ≥14 days: 93.4% (57.1-99.8%)

Symptomatic infection – 18-59 years old ≥14 days: 79.4% (66.0-88.2%)
Symptomatic infection - ≥60 years old ≥14 days: 67.8% (8.0-90.0%)
Symptomatic infection – participants 

with pre-existing chronic medical 
condition

≥14 days: 66.2% (33.8-84.0%)

Asymptomatic infection ≥14 days: 63.6% (29.0-82.4%)

(322) Randomised 
controlled 

trial

16/11/2020 to 
7/1/2021

India.

25 798

Symptomatic or asymptomatic infection ≥14 days: 68.8% (46.7-82.5%)
<7 days: 40% (-21-71%) <14 days: 27% (-35-61%)
≥7 days: 1% (-30-25%) ≥14 days: 50% (33-62%)

≥21 days: –1% (-51-33%) ≥28 days: 46% (22-62%)

Bharat Biotech – 
Covaxin – whole 
virion 
inactivated virus 
vaccine

Two doses 
(0.5ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval window 
of 28 days. 

(323) Test-negative 
case-control

15/4/2021 to 
15/5/2021

India.

3,732 Symptomatic infection

≥42 days: 57% (21-76%)
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<14 days: 15% (-68-57%) <14 days: 66% (34-81%)Infection 
≥14 days: 44% (7-66%) ≥14 days: 83% (73-89%)

<14 days: 43% (-68-81%) <14 days: 83% (17-96%)Hospitalisation 
≥14 days: 76% (21-92%) ≥14 days: 88% (55-97%)
<14 days: 62% (-27-89%) <14 days: 93% (35-99%)

583

ICU admission or death
≥14 days: 53% 9-29-83%) ≥14 days: 93% (64-99%)

(293) Cross-
sectional 

observational

1/5/2021 to 
31/5/2021

India.

[NOTE: Participants either received Covaxin or Covishield (AZD1222)]
Infection (with evidence of prior 

infection)
≥14 days: 91.1% (84.1-94.9%)11,405

Infection (without evidence of prior 
infection)

≥14 days: 31.8% (23.5-39.1%)

(294) Retrospective 
cohort

1/6/2020 to 
31/5/2021

India.

[NOTE: 5.77% of participants received Covaxin, 94.23% received Covishield (AZD1222)]
Reinfection 86% (77-92%)

Symptomatic reinfection 87% (76-93%)
(324) Retrospective 

cohort
3/3/2020 to 
18/6/2021

India.

15,244

Asymptomatic reinfection 84% (47-95%)

Infection 89.7% (80.2-94.6%)
Infection – 18 to 64 years old 89.8% (79.7-95.5%)
Infection – 65 to 84 years old 88.9% (20.2-99.7%)

Infection – Alpha 86.3% (71.3-93.5%)

(325) Randomised 
controlled 

trial

28/9/2020 to 
28/10/2020

UK.

14,039

Infection – Non-Alpha 96.4% (73.8-99.5%)
Infection ≥7 days: 89.3% (81.6-93.8%)(326) Randomised 

controlled 
trial

27/12.2020 to 
18/2/2021

US, Mexico.

29,949
Infection – COVID-19 high risk group ≥7 days: 91.0% (83.6-95.0%)

Infection 89.8% (79.7-95.5%)(327) Randomised 
controlled 

trial

28/9/2020 to 
28/10/2020

UK.

15,139
Infection – 18-64 years old 87.5% (–0.2-98.4%)

Symptomatic infection ≥7 days: 49.4% (6.1-72.8%)

Novavax – NVX-
CoV2373 
(Nuvaxovid) 
or Serum 
Institute of 
India – 
COVOVAX 
(Novavax 
formulation - 
recombinant 
SARS-CoV-2 S 
protein 
nanoparticle as 
a coformulation 
with the 
adjuvant Matrix-
M

Two doses (0.5 
ml) 
intramuscularly 
(deltoid) with a 
recommended 
interval of 3-4 
weeks. 

(328) Randomised 
controlled 

trial

17/7/2020 to 
25/11/2020
South Africa.

2,684
Symptomatic infection – Beta ≥7 days: 51.0% (-0.6-76.2%)
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Vaccine 
type

Vaccine Company Countries approved 
for use in

Clinical trials

KoviVac Chumakov Center 
(Moscow, Russia)

3 countries: 
Belarus, Cambodia, Russian 

Federation 

Phase 1:  502 (Russian Federation).
Phase 2: 

502 (Russian Federation).
622 (Russian Federation).

QazVac Kazakhstan Research 
Institute for Biological 

Safety Problems 
(RIBSP) (Kazakhstan) 

2 countries:
Kazakhstan, Kyrgyzstan

Phase 1: NCT04530357 (Kazakhstan).
Phase 2: NCT04530357 (Kazakhstan).
Phase 3: NCT04691908 (Kazakhstan).

KCONVAC Minhai Biotechnology 
Co. (Beijing, China)

2 countries:
China, Indonesia

Phase 1:
NCT05003479 (China).

ChiCTR2000038804, NCT04758273 (China).
Phase 2:

ChiCTR2000039462, NCT04756323 (China).
NCT05003466 (China).
Phase 3: NCT04852705

COVIran Barekat Shifa Pharmed 
Industrial Co. (Tehran, 

Iran)

1 country:
Iran

Phase 1:
IRCT20201202049567N1 (Iran).
IRCT20201202049567N2 (Iran).
IRCT20171122037571N3 (Iran).

Phase 2: 
IRCT20201202049567N3 (Iran).
IRCT20171122037571N3 (Iran).

Phase 3: IRCT20201202049567N3 (Iran).
Inactivated (Vero 

Cells)
Sinopharm (Wuhan, 

China)
2 countries:

China, Philippines
Phase 1: ChiCTR2000031809 (China)

Phase 2:
NCT04885764 (Egypt).

ChiCTR2000031809 (China).
Phase 3:

NCT04885764 (Egypt).
ChiCTR2000034780 (United Arab Emirates).

NCT04612972 (Peru).
NCT04510207 (Bahrain, Egypt, Jordan, 

United Arab Emirates).
ChiCTR2000039000 (Morocco).

Turkovac Health Institutes of 
Turkey (Istanbul, 

Turkey) 

1 country:
Turkey

Phase 1: NCT04691947 (Turkey).
Phase 2:

NCT04824391 (Turkey).
NCT04979949 (Turkey). 
NCT05035238 (Turkey).

Phase 3:
NCT04942405 (Turkey).
NCT05077176 (Turkey).

Inactivated 
virus

FAKHRAVAC 
(MIVAC)

Organization of 
Defensive Innovation 

and Research (Tehran, 
Iran)

1 country:
Iran

Phase 1: IRCT20210206050259N1 (Iran).
Phase 2: IRCT20210206050259N2 (Iran).
Phase 3: IRCT20210206050259N3 (Iran).

Convidecia CanSino (Tianjin, 
China)

10 countries:
Argentina, Chile, China, 

Ecuador, Hungary, 
Indonesia, Malaysia, 

Mexico, Pakistan, Republic 
of Moldova

Phase 1:
NCT05043259 (China). 

ChiCTR2000030906, NCT04313127 (China). 
NCT04568811 (China).
NCT04840992 (China).

Phase 2:
NCT05043259 (China).

NCT05162482 (Pakistan).
NCT04840992 (China).

ChiCTR2000031781, NCT04341389 (China).
NCT04566770 (China).

NCT05005156 (Argentina).
Phase 3: 

NCT05169008 (Chile, Mexico).
NCT04526990 (Argentina, Chile, Mexico, 

Pakistan, Russian Federation).
NCT04540419 (Russian Federation).

Non-
replicating 
viral vector

Sputnik Light Gamaleya Research 
Institute of 

Epidemiology and 

24 countries:
Angola, Argentina, Armenia, 
Bahrain, Belarus, Cambodia, 

Egypt, Iran, Kazakhstan, 

Phase 1: NCT04713488 (Russian 
Federation).

Phase 2:
NCT04713488 (Russian Federation).
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Microbiology 
(Moscow, Russia) 

Kyrgyzstan, Lao People's 
Democratic Republic, 
Mauritius, Mongolia, 

Nicaragua, Philippines, 
Republic of the Congo, Russian 

Federation, San Marino, 
Tunisia, Turkmenistan, United 

Arab Emirates, United Republic 
of Tanzania, Venezuela, West 

Bank

NCT05027672 (Argentina).
Phase 3: NCT04741061 (Russian 

Federation). 

Sputnik V Gamaleya Research 
Institute of 

Epidemiology and 
Microbiology 

(Moscow, Russia) 

74 countries:
Albania, Algeria, Angola, 

Antigua and Barbuda, 
Argentina, Armenia, 
Azerbaijan, Bahrain, 

Bangladesh, Belarus, Bolivia, 
Bosnia and Herzegovina, Brazil, 

Cambodia, Cameroon, Chile, 
Djibouti, Ecuador, Egypt, 

Gabon, Ghana, Guatemala, 
Guinea, Guyana, Honduras, 

Hungary, India, Indonesia, Iran, 
Iraq, Jordan, Kazakhstan, 
Kenya, Kyrgyzstan, Lao 

People's Democratic Republic, 
Lebanon, Libya, Maldives, Mali, 
Mauritius, Mexico, Mongolia, 

Montenegro, Morocco, 
Myanmar, Namibia, Nepal, 
Nicaragua, Nigeria, North 

Macedonia, Oman, Pakistan, 
Panama, Paraguay, Philippines, 
Republic of Moldova, Republic 

of the Congo, Russian 
Federation, Rwanda, Saint 

Vincent and the Grenadines, 
San Marino, Serbia, Seychelles, 
Sri Lanka, Syrian Arab Republic, 
Tunisia, Turkey, Turkmenistan, 

United Arab Emirates, 
Uzbekistan, Venezuela, 

Vietnam, West Bank, 
Zimbabwe

Phase 1:
NCT04760730 (United Arab Emirates).

NCT04684446 (Belarus, Russian Federation).
NCT04436471, 241 (Russian Federation).

NCT04437875 (Russian Federation).
Phase 2: 

NCT05027672 (Argentina).
NCT04988048 (Argentina).

NCT04954092 (Russian Federation).
NCT04962906 (Argentina).
NCT04983537 (Argentina).

NCT04760730 (United Arab Emirates).
NCT04684446 (Belarus, Russian Federation).

NCT04686773 (Azerbaijan).
NCT04436471, 241 (Russian Federation).

NCT04437875 (Russian Federation).
NCT04587219 (Russian Federation).

NCT04640233 (India).
Phase 3:

NCT04564716 (Belarus).
NCT04530396 (Russian Federation).

NCT04642339 (Venezuela).
NCT04656613 (United Arab Emirates). 

NCT04954092 (Russian Federation).
NCT04640233 (India).

RNA TAK-919 (Moderna 
formulation)

Takeda (Tokyo, Japan) 1 country: 
Japan

Phase 1: NCT04677660 (Japan).
Phase 2: NCT04677660 (Japan).

DNA ZyCoV-D Zydus Cadila 
(Ahmedabad, India)

1 country: 
India

Phase 1:
CTRI/2020/07/026352 (India).
CTRI/2021/03/032051 (India).

Phase 2: 
CTRI/2020/07/026352 (India).
CTRI/2021/03/032051 (India).

Phase 3: CTRI/2021/01/030416 (India).
ZF2001 Anhui Zhifei Longcom 

(Hefei, China) 
3 countries:

China, Indonesia, 
Uzbekistan

Phase 1:
NCT04445194 (China).
NCT04636333 (China).

NCT04550351, ChiCTR2000035691 (China).
NCT04961359 (China).

Phase 2:
NCT04466085 (China).
NCT05109598 (China).
NCT04813562 (China).

Phase 3:
NCT05091411 (China).
NCT05128643 (China).
NCT05107375 (China).

ChiCTR2000040153, NCT04646590 (China, 
Ecuador, Indonesia, Pakistan, Uzbekistan).

ChiCTR2100050849 (China).

Protein 
subunit

Abdala Center for Genetic 
Engineering and 

Biotechnology (CIGB) 
(Havana, Cuba)

6 countries:
Cuba, Mexico, Nicaragua, 

Saint Vincent and the 
Grenadines, Venezuela, 

Vietnam

Phase 1:
RPCEC00000345 (Cuba).
RPCEC00000346 (Cuba).

Phase 2:
RPCEC00000345 (Cuba)
RPCEC00000346 (Cuba).
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Phase 3: RPCEC00000359 (Cuba). 
EpiVacCorona FBRI (Koltsovo, Russia) 4 countries:

Cambodia, Russian 
Federation, Turkmenistan, 

Venezuela

Phase 1: NCT04527575 (Russian 
Federation).

Phase 2: NCT04527575 (Russian 
Federation).

Phase 3: NCT04780035 (Russian 
Federation).

NCT05021016 (Russian Federation)
Aurora-CoV FBRI (Koltsovo, Russia) 1 country:

Russian Federation
Phase 1: 197 (Russian Federation).
Phase 2: 197 (Russian Federation).

MVC-COV1901 Medigen 
Biotechnology Corp. 
(Taipei City, Taiwan)

2 countries:
Somaliland, Taiwan

Phase 1:
NCT05132855 (Taiwan).
NCT04487210 (Taiwan).

Phase 2:
NCT05132855 (Taiwan).

NCT04695652 (Taiwan, Vietnam).
NCT04822025 (Taiwan).
NCT04951388 (Taiwan).
NCT05038618 (Taiwan).
NCT05048849 (Taiwan).
NCT05054621 (Taiwan).

Phase 3: NCT05011526 (Paraguay)
SpikoGen Vaxine/CinnaGen Co. 

(Iran)
1 country:

Iran
Phase 1: NCT04453852 (Australia).

Phase 2:
IRCT20150303021315N23 (Iran).

NCT04944368, IRCT20150303021315N23 
(Iran). 

NCT05148871 (Australia).
Phase 3: NCT05005559, 

IRCT20150303021315N24 (Iran). 
NCT05148871 (Australia).

NCT05175625, IRCT20150303021315N26 
(Iran).

Corbevax Biological E Limited 
(Telangana, India)

1 country:
India

Phase 1: CTRI/2020/11/029032 (India).
Phase 2:

CTRI/2020/11/029032 (India).
CTRI/2021/06/034014 (India).
CTRI/2021/10/037066 (India).

Phase 3:
CTRI/2021/06/034014 (India).
CTRI/2021/08/036074 (India).
CTRI/2021/10/037066 (India).

Soberana 02 Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba)

4 countries:
Cuba, Iran, Nicaragua, 

Venezuela

Phase 1: IFV/COR/06 (Cuba).
Phase 2: IFV/COR/08 (Cuba).
Phase 3: IFV/COR/09 (Cuba).

Soberana Plus Instituto Finlay de 
Vacunas Cuba 

(Havana, Cuba)

1 country:
Cuba

Phase 1:
IFV/COR/15 (Cuba).
IFV/COR/05 (Cuba).

Phase 2: 
IFV/COR/11 (Cuba).
IFV/COR/15 (Cuba).

Phase 3: IFV/COR/09 (Cuba).
Razi Cov Pars Razi Vaccine and 

Serum Research 
Institute (Karaj, Iran)

1 country:
Iran

Phase 1: IRCT20201214049709N1 (Iran).
Phase 2: IRCT20201214049709N2 (Iran).
Phase 3: IRCT20201214049709N3 (Iran). 

Recombinant SARS-
CoV-2 Vaccine (CHO 

Cell)

National Vaccine and 
Serum Institute 
(Beijing, China)

1 country:
United Arab Emirates

Phase 1: NCT04869592 (China).
Phase 2: NCT04869592 (China)

Phase 3: NCT05069129 (United Arab 
Emirates)
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