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ABSTRACT
The COVID-19 disease is caused by the SARS-CoV-2 virus, which is highly infective within the 
human population. The virus is widely disseminated to almost every continent with over 
twenty-seven million infections and over ninety-thousand reported deaths attributed to 
COVID-19 disease. SARS-CoV-2 is a single stranded RNA virus, comprising three main viral 
proteins; membrane, spike and envelope. The clinical features of COVID-19 disease can be 
classified according to different degrees of severity, with some patients progressing to acute 
respiratory distress syndrome, which can be fatal. In addition, many infections are asympto-
matic or only cause mild symptoms. As there is no specific treatment for COVID-19 there is 
considerable endeavour to raise a vaccine against SARS-CoV-2, in addition to engineering 
neutralizing antibody interventions. In the absence of an effective vaccine, movement controls 
of varying stringencies have been imposed. Whilst enforced lockdown measures have been 
effective, they may be less effective against the current strain of SARS-CoV-2, the G614 clade. 
Conversely, other mutations of the virus, such as the Δ382 variant could reduce the clinical 
relevance of infection. The front runners in the race to develop an effective vaccine focus on 
the SARS-Co-V-2 Spike protein. However, vaccines that produce a T-cell response to a wider 
range of SARS-Co-V-2 viral proteins, may be more effective. Population based studies that 
determine the level of innate immunity to SARS-CoV-2, from prior exposure to the virus or to 
other coronaviruses, will have important implications for government imposed movement 
control and the strategic delivery of vaccination programmes.
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Introduction

The world in 2020, or to be more accurate humankind, 
is attempting to control the coronavirus disease 2019 
(COVID-19) pandemic and to come to terms with the 
health consequences and economic havoc bestowed 
on just about every nation. In this review, the events 
leading from the discovery of the virus that causes this 
disease, to its subsequent dissemination globally are 
catalogued. Moreover, the scientific data on the mole-
cular structure of the virus are examined, as are its 
mode of infection, the pathophysiology of COVID-19, 
the epidemiology of the disease and the treatments 
and vaccines currently in clinical trial. The purpose of 
the review is to compile knowledge on key aspects of 
the virus and COVID-19 and in so doing to ascertain the 
implications for therapeutic intervention, vaccine 
development and movement control.

Timeline of events in the spread of the 
SARS-CoV-2 virus

On 12 December 2019 in the Chinese city of Wuhan in 
Hubei Province, the first cases of an unknown acute 

respiratory tract infection were documented [1], with 
some of the patients developing progressive respiratory 
failure [2]. Samples from seven of the patients with 
severe pneumonia (six of whom were employed in the 
local seafood market) and who were being cared for in 
the intensive care unit of Wuhan Jin Yin-Tan Hospital, 
were sent to the Wuhan Institute of Virology for the 
diagnosis of the causative pathogen. As the Institute 
was a laboratory with an interest in investigating coro-
naviruses (CoV), pan-CoV PCR primer sets were first used 
to test the samples, as the outbreak had occurred in 
winter and in a market; a similar environment to that of 
the 2003 Severe Acute Respiratory Syndrome (SARS) 
outbreak. Five samples were found to be PCR-positive 
for CoVs. One sample (WIV04), collected from bronch-
oalveolar lavage fluid, was analysed further by metage-
nomics and next-generation sequencing technology to 
identify potential aetiological agents. Subsequent ana-
lyses showed the new virus, since named severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), to 
have 96.2% overall genome sequence identity with 
a virus (BatVoVRaTG13) previously detected in bats 
(Rhinolophus affinis) from Yunnan province [2], suggest-
ing that the bat CoV and human SARS-CoV-2 share the 
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same ancestor. Consequently, this phylogenetic rela-
tionship provides evidence that SARS-CoV-2 may have 
originated in bats, though alternative hosts such as tur-
tles and pangolins have also been suggested [1–4].

By 10 January 2020, Wuhan had 44 cases of the disease 
(now known as COVID-19) caused by the SARS-CoV-2 
virus and one reported death and until 23 January, 81% 
of the reported cases were from Hubei province. 
Lockdown was subsequently imposed on Wuhan. 
Unfortunately, this period coincided with Chinese New 
Year when there was mass movement of citizens to their 
hometowns, and by the time of the lockdown over 
5 million Wuhan residents had already left the city. By 
1 March 2020, 79,986 cases of COVID-19 were confirmed 
in China with most provinces reporting rapid increases in 
cases [5,6].

The first case of COVID-19 reported outside China was 
on 13 January in Thailand, three days after China had 
reported the first death from the disease, and involved 
a resident of Wuhan who had travelled to the country [6]. 
Similarly, many of the early cases reported in countries 
outside China during January to February 2020, to include 
Singapore, Malaysia, Vietnam and the Philippines, 
involved persons that had a history of travel to Wuhan. 
The subsequent significant increase in numbers with the 
disease frequently followed mass gatherings, such as 
large religious events that occurred in South Korea and 
Malaysia, emphasizing the person-to-person transmissi-
bility of the disease [3].

By 11 March 2020 COVID-19 had infected more than 
100 000 people in 100 countries, with Italy having the 
largest number of cases outside China with 12,462 cases 
and 827 deaths and WHO officially declared COVID-19 
a pandemic [7]. The Italian region of Lombardy initially 
saw the first wave of infections, before spreading to the 
rest of Italy and the country subsequently closed its 
borders. By 15 March 2020 other European countries, 
including Spain, Germany and France, were seeing expo-
nential increase in cases, with Italian health policy experts 
warning the rest of Europe, including the UK, to prepare 
for the predicted upsurge in cases following the initial 
2–3 week lag phase seen in both Italy and in China [7,8].

In the UK the first case of COVID-19 was reported on 23 
January in a visitor from Hubei province, China, with 
the second case being a close household contact who 
developed symptoms five days later, with positivity for 
both cases confirmed at the public health laboratories at 
Colindale, North London [9]. By 3 March 2020, the number 
of reported UK cases had risen but was still relatively low 
at 51. Approximately three weeks later, with just over 
6000 confirmed cases, the UK Government introduced 
strict physical distancing measures instructing individuals 
to stay at home and avoid leaving their house except for 
essential work, daily exercise, and shopping for essential 
items [10,11].

The first case of COVID-19 in the United States 
was confirmed on 20 January 2020, arriving via an 

international flight from China [12]. Approximately, 
1 month later on 26 February, 12 travel-related 
COVID-19 cases had been diagnosed in the United 
States, in addition to three cases in patients with no 
travel history and 46 cases reported among repa-
triated U.S. citizens [13]. A further 1 month, and 
over 160,000 additional cases in the US had been 
reported in several states, the majority of which had 
arisen from local transmission, indicating dissemi-
nated community spread of SARS–CoV-2 in the US 
[12]. As of September 2020, the COVID-19 pandemic 
is widely disseminated throughout the communities 
of most of the US states, and with the US recording 
over 7.5 million cases, the highest in the world [14]. 
The countries of Latin America are similarly hard hit, 
with Brazil having over 4 million cases, whilst in 
Asia, India has the second largest number of cases 
in the world, at 4.2 million. The vast majority of the 
countries of the world have reported cases of SARS- 
CoV-2 infection and at the time of writing globally 
there are over 27 million infections and over 90,000 
reported deaths attributed to the COVID-19 disease. 
The nations with the largest numbers of cases from 
each continent are shown in Figure 1 [14,15].

The molecular structure of SARS-CoV-2 and 
mechanisms of infection

Coronaviruses are positive-single stranded RNA viruses 
and they contain a large RNA genome, approximate 
length of 27 to 32 kb with a 5′-capped and 3′ poly-A tail 
[16]. Severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is an enveloped virus that contains four 
major structural proteins. The three viral membrane pro-
teins are named; membrane (M) protein, spike (S) protein 
and envelope (E) protein [17–19] (See Figure 2). 
Nucleocapsid (N) proteins, which are surrounded by the 
viral membrane, are important in replication and 

Figure 1. The number of PCR confirmed SARS-CoV-2 cases as of 
9 September 2020 for nations with the highest numbers of 
cases from each continent. Our World in Data, Oxford 
University, and The European Centre for Disease Prevention & 
Control [14,15].
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transcription in the nucleocapsid. The S protein is respon-
sible for the entry and attachment of the virus to the host 
cells through the interaction of binding to the host recep-
tor, causing the fusion of viral membrane and host mem-
brane. S protein contains two subunits; S1 and S2. 
A receptor-binding domain (RBD) in the S1 subunit med-
iates the binding to the host receptor, while the S2 sub-
unit mediates the fusion of viral membrane and host 
membrane [20]. The RBD recognizes the host angioten-
sin-converting enzyme 2 (ACE2) receptor, which is highly 
abundant in type II alveolar cells. This inhibits the action of 
ACE2 in the regulation of angiotensin II signalling [21]. 
After the fusion of host and viral membrane, the virus 
particle releases the RNA genome into the cytoplasm. 
Transcription regulatory sequences located between the 
open reading frames (ORFs) are the sites where transcrip-
tion termination occurs. The production of two large 

polypeptides, pp1a and pp1ab, is guided by a frameshift 
between ORF1a and ORF1b [22]. The uncoated RNA trans-
lates the viral proteases; pp1a, pp1b and chymotrypsin- 
like protease (3CLpro). One or two papain-like proteases 
convert 16 units of non-structural protein (nsp 1 to nsp 
16) to form a replication-transcription complex (RTC) in 
double-membrane vesicles (DMVs). Non-structural pro-
teins are essential in the replication and transcription 
processes [23]. The replication of the virus can cause 
mild symptoms of influenza-like illness owing to the 
direct cytopathic effect of the virus [24]. After the replica-
tion of the RTC, sub-genomic RNAs are synthesized. 
N proteins, S protein and E protein are translated and 
inserted into the endoplasmic reticulum (ER). Then, they 
move into membranes that are located between the ER 
and Golgi apparatus [25]. Virion-containing vesicles are 
formed by assembling newly synthesized sub-genomic 
RNAs, N proteins and E protein. Once the fusion of virion- 
containing vesicles and plasma membrane of the cell 
occurs, the virus will be released by exocytosis and 
attached to the new cell. The cycle is repeated to further 
infect more cells [2].

Molecular comparison of SARS-CoV-2, SARS-CoV-1 
and MERS-CoV

All the three viruses; SARS-CoV-2, Severe acute respiratory 
syndrome coronavirus 1 (SARS-CoV-1) and Middle East 
respiratory syndrome coronavirus (MERS-CoV) contain 
the S protein, E protein, M protein and N protein. Whilst 
the viruses share some structural similarities, there are 
also some notable differences (Figure 2).

The S proteins are essential in many species of the 
coronaviruses since they play an important role in 
penetrating and infecting the host cells. However, 
they do display some difference between species at 
the molecular level. The SARS-CoV-2 and SARS-CoV-1 
are very similar in that their RBD binds to the ACE2 
receptor. However, SARS-CO-V2 has six mutations 
occurring in regions of the RBD, resulting in higher 
binding affinity to the ACE2 receptor compared to 
that of SARS-CoV-1. This may be responsible for the 
differences in pathogenicity seen between the two 
viruses [26]. A characteristic of the RBD of the MERS- 
CoV, compared to the other two coronaviruses, is that 
it has an external subdomain, which is able to bind 
with the cellular receptor dipeptidyl peptidase-4 
(DPP4) to transfer its genomic material into the host 
cell [27]. The M protein structures present in SARS-CoV 
-2, SARS-CoV-1 and MERS-CoV, all share similar struc-
tures and functions and interacts with either N or 
E proteins to release viral particles. The basic role of 
N protein is to bind with the single positive strand of 
the RNA genome and is associated with the hijacking 
and infection of human cells. The N protein contributes 
to the process of budding of the virus only when it 
interacts with the M protein [28]. One of the main 

Figure 2. Structures of Coronaviruses (A) SARS-CoV-2 (B) SARS- 
CoV-1 (C) MERS-CoV. Diagrams adapted from Shereen et al., 
2020 and Viral Zone 2020, SIB Swiss Institute of Bioinformatics) 
[18,19].
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structural differences between SARS-CoV-2, SARS-CoV 
-1 and MERS-CoV, is that the SARS-CoV-2 virus pos-
sesses the haemagglutinin-esterase (HE) protein, 
which is absent in the other two viruses. When viewed 
under the electron microscopy, the HE spike comprises 
of a crystalline structure that has a globular head and 
a membrane stalk [29]. Its main role in SARS-CoV-2 is to 
attach and destroy the sialic acid receptors that appear 
on the host cell The HE enzymes also help in enhan-
cing the attachment and incorporation between the 
viral genome and the host’s cell cytoplasm [30].

The clinical features of COVID-19

The incubation period for SARS-co-V2 falls within the 
range of 2 to 14 days (median 5.1) [31]. Symptoms 
usually develop after 11.5 days of infection [32]. The 
clinical features of the COVID-19 disease can be classi-
fied according to different degrees of severity as; mild, 
moderate, severe, and critical (Table 1). In addition, 
some patients are asymptomatic.

The course of the disease

Two different studies from Wuhan serve to illustrate the 
course of the disease and the elapsed time at critical 
stages [33,34] (Table 2). The duration from the onset of 
illness to death is largely dependent on the patient’s 
immune status and the age of the patient. The older the 
patient especially those above 60 years old, the shorter 
the duration from the onset of illness to death com-
pared to those below 60 years old [34].

Long-term complications following acute 
respiratory distress syndrome (ARDS)

Patients who develop ARDS can suffer long-term 
impairment of the lungs [32]. Pulmonary fibrosis or 
restrictive lung disease can develop in the survivors of 
ARDS with evidence of rapidly progressing fibrotic 
changes in pulmonary fibrosis seen in some lung CT 
scans [35]. Progressive pulmonary fibrosis can be due to 
unchecked cellular proliferation, accumulation of                     

fibroblasts and myofibroblasts and excessive deposition 
of collagen and other extracellular matrix components 
[36]. Consequently, the lung function declines and 
causes early mortality. Besides, ARDS and pulmonary 
fibrosis, chronic ventilation can be associated with neu-
rological impairment such as cognitive decline. This 
might be due to elevation of cytokines causing systemic 
inflammation in these COVID-19 patients [37,38].

The cytokine storm

Some individuals with severe COVID-19 show a form of 
a classical cytokine release syndrome, frequently 
referred to as a cytokine storm [39]. Dysregulation of 
the immune response to SARS- CoV-2 leading to the 
lysis of macrophages, dendritic cells and B and T cells, 
may be the underlying cause of this. Once macro-
phages are activated by interferon gamma, they 
enhance large-scale release of a wide range of cyto-
kines [40,41]. High levels of pro-inflammatory cyto-
kines and chemokines are correlated with poor 
COVID-19 outcomes, similar to that reported after the 
2003 SARS epidemic [42,43]. When inflammatory cyto-
kine-producing cells are activated, a virus-induced 
damage involving predominantly the alveolar epithe-
lium of the lungs occurs [44]. In particular, interferon 
gamma enhances the immune-mediated damage con-
tributing to the pathogenesis of acute lung injury 
[45,46]. Studies carried out in patients with ARDS iden-
tified different phenotypes depending on the biomar-
kers found in the serum: ARDS patients with high 
expression of angiopoietin, plasminogen activator 
inhibitor 1, interferon gamma and IL-6 had a poorer 
outcome and a higher mortality compared to ARDS 
subjects without inflammatory markers [47]. IL-6 is 
a particularly important component of the cytokine 
storm as it is able to directly activate T cells [39].

Table 1. Summary of the clinical features of COVID-19 based 
on the severity of the disease [31,32].

Severity Clinical features

Mild Mild fever, Dry cough, Sore throat, Runny nose, Nasal 
congestion, Headache, Sneezing, Fatigue, Myalgia, 
Muscle pain, Tiredness, Loss of smell, Malaise, Nausea, 
Vomiting, Diarrhoea, Abdominal pain

Moderate Fever (persistent or >37.8°C), Dry cough, Tachypnoea, 
Shortness of breath

Severe Moderate fever or absence of fever, Dyspnoea, Tachypnoea, 
Hypoxia, Diarrhoea, Vomiting, Nausea, Respiratory 
distress (respiratory rate >30/minute), Finger oxygen 
saturation ≤93% at resting state, PaO2/FiO2 ≤ 300 mmHg, 
>50% lung involvement within 24 to 48 hours

Critical Chest pain, Shortness of breath, Movement impairments, 
Loss of speech, Septic shock/sepsis, Multiple organ 
dysfunction

Table 2. Summary of the time course of COVID-19 illness in 
two different studies from Wuhan, China [33,34].

Huang et al. (2020)
Median time (Interquartile 

Range)

From onset of symptoms to;
First hospital admission 7 days (4–8)
Dyspnoea 8 days (5–13)
Acute respiratory distress syndrome 

(ARDS)
9 days (8–14)

Mechanical ventilation 10 days (7–14)
Intensive Care Unit (ICU) admission 10.5 days (8–17)

Zhou et al. (2020) Median time
Duration of fever 12 days (8–13)
Duration of persistent cough 19 days (12–23)
From the onset of symptoms to;
Discharge 22 days (18–25)
Mechanical ventilation 14.5 days (12–19)
Death 18.5 days (15–22)
Complications Developed at;
Septic shock 9 days (7–13)
ARDS 12 days (8–15)
Acute cardiac injury 15 days (10–17)
Acute kidney injury 15 days (13–19.5)
Secondary infection 17 days (13–19)
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The epidemiology of COVID-19, to include 
transmissibility and measures to control the 
virus

It is difficult to accurately compare statistics on the 
numbers of COVID-19 positive cases between nations 
due to the differences between countries in testing 
strategies to include selection criteria for testing. It is 
generally considered that official figures, under- 
represent the actual numbers of cases [14,15]. As the 
number of infections reported in a country will depend 
on the amount of testing done it is important to not 
only determine the number of cases but also the num-
ber of tests carried out relative to the population size. 
The positivity rate per test in a country will be influ-
enced by both the scale of the epidemic and both the 
amount of testing. For example, New Zealand, has one 
of the lowest positivity rates in the World (<0.1%) and 
it requires hundreds or thousands of tests to discover 
one positive case. In contrast, the US and India positiv-
ity rates at 5–10% are over fifty-times higher, whilst in 
South Africa at 10–20% they are over one hundred- 
times higher requiring considerably fewer tests before 
a positive case is discovered [15] (Figure 1 and Table 3). 
It is considered that a country with a high positive rate 
is not testing widely enough to identify all cases, with 
the World Health Organisation (WHO) suggesting 
a positivity rate of 3–12% as a general indicator of 
adequate testing [15].

With respect to global death rates from COVID-19, 
as of September 2020, the US has recorded the highest 
cumulative number of fatalities from the disease, fol-
lowed by Brazil and India and with the UK having the 
highest rates within Europe (Figure 3 and Table 3). 
However, it is important to emphasise that comparison 
of the death rates from COVID-19 between nations is 
fraught with difficulties, as there are differences in how 
each nation reports the deaths. For example, early in 
2020, the COVID-19 deaths recorded by Public Health 
England included all cases in England with a positive 

test result, irrespective of the elapsed time interval or 
ultimate cause of death, with this anomaly not being 
identified until August 2020 [48]. Therefore, even 
within the countries of the UK, there has been disparity 
between how COVID-19 deaths are recorded. In an 
attempt to overcome the lack of comparability 
between nations, attempts have been made to look 
at excess mortality, by comparing the overall death 
rates over the period of the pandemic to that of an 
earlier time period. Excess mortality is defined as actual 
deaths from all causes, minus ‘normal’ deaths. This 
type of data is only available for several countries, 
again making worldwide comparisons difficult. 
However, within Europe, England had the highest 
rate of excess mortality during the COVID-19 pandemic 
for the age group 15–64 years. Whereas Spain had the 
highest rate in the over 85-year age group [15].

Movement control and government response 
stringency

Evidence shows that the virus is spread by respiratory 
droplets, close person-to-person contact and contact 
with virus-contaminated surfaces (Shah et al. 2020) [3]. 
Consequently, in the absence of a vaccine health autho-
rities in virtually all the nations of the world have intro-
duced various steps to reduce spread of the disease by 
limiting social contact between their citizens and the 
citizens of other countries, including but not limited to: 
lockdown of affected neighbourhoods/cities/states, phy-
sical distancing, quarantining infected persons and their 
contacts, wearing of face masks and restricting travel. The 
stringency of these government enforced movement 
controls has been assessed by the Oxford COVI9-19 
Government Response Tracker [49] which produces 
a score based on seven response indicators based on 
the severity of the restrictions introduced by a nation. 
For example, China and India have a higher score on 
this index, indicating more restrictive lockdown measures, 
than the UK and Sweden [49] (Table 3). Interestingly, 
plotting the government response tracker over time, 
shows very similar curves for Brazil and the US, indicating 
a similar level of restrictions brought in by the govern-
ments of both nations and over a similar time period 
(Figure 4). In contrast, New Zealand which has had rela-
tively fewer cases and deaths from the disease, instigated 
very stringent measures but for a relatively short period of 
time (Figure 5). In comparison, the restrictions brought in 
by both China and India have been of both high strin-
gency and for long periods (Figure 5); though with the 
stringency curve for China occurring much earlier, reflect-
ing the earlier peak of the epidemic in China compared to 
the rest of the world. Italy was the first European country 
to record COVID-19 cases and instigated stringent lock-
down in the Lombardy region [7,8]. The lockdown curves 
for Italy, the UK and Sweden shown in Figure 6 coincide 
with the time of the exponential increase in reported 

Figure 3. Nations from each continent recording the highest 
cumulative numbers of deaths attributable to COVID-19. Our 
World in Data, Oxford University [15].
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infections and reflect the 2–3 week lag period between 
the height of the Italian epidemic and the first wave of the 
disease in the UK, Sweden and other European countries 
[7,8]. Sweden is of particular interest due to its relatively 
low-level stringency lockdown measures as reflected in 
a low score on the government response tracker com-
pared to other countries (Figure 6).

The aims of the health authorities in the respective 
countries are to impose movement control measures 

until the rate of transmission (R0) is less than 1. The R0 of 
SARS-CoV-2 without implementing any control or in the 
absence of a vaccine is determined to be in the range 
2.2–3.6 [50,51,52]. This means that one infected person 
has the potential to infect two or more additional persons, 
i.e., without any control measures there would be an 
exponential increase in the numbers of cases. Hence, 
reducing R0 halts this exponential trajectory; frequently 
referred to as ‘flattening the curve’. Once the ‘curve is 
flattened’ most countries start to lift some of the restric-
tions. If these kinds of controls were not instigated prior 
to, or during, the exponential phase it is likely that the 
health services of a country would be unable to cope with 
the numbers of critically ill patients. Consequently, the 
most vulnerable of its citizens would likely succumb to 
the disease because of the limited number of costly 
mechanical respiratory support systems in any one nation 
[7,8].

Risk factors associated with SARS-CoV-2 infection 
and COVID-19

Age is one of the most important risk factors in infec-
tion from SARS-CoV-2 and in mortality from COVID-19, 
with those of the age of 60 years and above having 
a higher risk of acquiring the disease and with high 

Table 3. Demographic data of selected countries from each continent, including the number of reported cases of SARS-CoV-2 
infection, the test positivity rate, cumulative deaths from COVID-19 and government lockdown stringency, as of 
7 September 2020.

Country Population Median age Positive cases* Test positive rate* Cumulative deaths Stringency index#

China 1.4 billion 38.4 90,058 No data 47,30 81.02
India 1.4 billion 28.4 4.20 million 5–10% 71,642 100
US 331 million 38.3 7.52 million 5–10% 188,941 72.69
Brazil 213 million 33.5 4.14 million No data 126,650 81.02
UK 68 million 40.5 347, 152 0.1–1% 41,551 79.63
Italy 61 million 47.3 277, 634 2–3% 35,541 96.17
Sweden 10 million 41.1 84,985 0.1–1% 5,835 46.30
New Zealand 5 million 38.0 1,425 <0.1% 24 96.30

Key: *Refers to cumulative number of PCR confirmed positive cases, and the proportion of tests carried out that are positive. Whilst there is official data on 
the number of positive cases from China and Brazil, data on the numbers of tests carried out is not available. # Government response stringency index, 
lockdown measures scaled from 0 to 100 (100 = strictest). Data source [14,15,54]

Figure 4. The government stringency indices for the United 
States of America and Brazil. The Oxford COVID-19 
Government Response Tracker [49].

Figure 5. The government stringency indices for China, India 
and New Zealand. The Oxford COVID-19 Government 
Response Tracker [49].

Figure 6. The government stringency indices for the UK, 
Italy and Sweden. The Oxford COVID-19 Government 
Response Tracker [49].
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mortality rates compared to those below 60 years old 
[53]. In this respect, in comparing incidences of infec-
tion and death from the disease between countries, it 
is important to take account of differences in the 
population pyramid between different countries of 
the world. For example, the median age of the popu-
lation of the developed nations of the UK and Italy are 
40.5 years and 47.3 years, respectively. Whereas for 
the populations of the developing countries of Brazil 
and India they are 33.5 years and 28.4 years, respec-
tively (Table 3) Similarly, the proportion of citizens 
who are of 60 years of age or older (the COVID-19 
vulnerable age group) is just over 20% for the UK and 
35% for Italy whilst for Brazil and India, it 14% and 
10%, respectively [49]. Consequently, when it comes 
to the risk factor of age most of the developed coun-
tries of the world have a greater proportion of their 
population with potentially higher susceptibility to 
COVID-19 than developing nations, due to the differ-
ing population dynamics [54].

Of those that have died from COVID-19, many had 
diabetes, cardiovascular diseases, cancer, or were for-
mer smokers. However, the cause of death was acute 
respiratory distress syndrome (ARDS) pneumonia, i.e., 
they would not have died if they had not acquired 
SARS-CoV-2 infection [8]. Smoking increases gene 
expression of ACE2; the receptor for the virus, there-
fore potentially increasing the likelihood of infection in 
smokers compared to non-smokers [55]. A weakened 
immune status and chronic lung disease can also 
increase the severity of the disease and the mortality 
rate [56]. Additionally, obesity is thought to increase 
the severity of lower respiratory tract infection and is 
associated with an almost three-fold increased inci-
dence of COVID-19, with an odds ratio of 2.91 (95% 
CI 1.31–6.47) [57]. Conversely, there is evidence to 
show that Vitamin D protects against respiratory 
pathogens and decreases the risk of acquiring acute 
respiratory tract infections. Hence, Vitamin 
D deficiency may have a role to play in susceptibility 
to infection [58].

Ethnicity and COVID-19

Studies from the US, UK and Europe have reported 
increased risk of mortality from COVID-19 in Black, 
Asian and Minority Ethnic (BAME) groups [59–63]. 
Pareek et al. [59] emphasize the importance of teasing 
out the interplay of socioeconomic, behavioural, bio-
logical (genomic) and co-morbidity factors responsi-
ble for the differences seen between ethnicities in 
acquiring SARS-co-V2 infection and in outcome to 
COVID-19. However, there is a need to guard against 
the assumption that there is a biological or genomic 
element to play in disparities of health between what 
are essentially socially devised categories, as elo-
quently pointed out by Saini [64]. For example, it is 

well documented that those of African-Caribbean 
descent living in the UK and US have a higher inci-
dence of hypertension. However, there is no convin-
cing evidence to show that this is due to an 
underlying difference in genetic susceptibility to 
developing hypertension, even though the ethnicity 
of the patient frequently influences how she/he is 
managed [64]. Consequently, there is no strong evi-
dence that this risk factor (hypertension) for mortality 
from COVID-19 amongst the African-Caribbean com-
munity in the UK and US, has a genetic component to 
it [64]. More likely, socioeconomic status, deprivation, 
diet and stress resulting in a greater susceptibility to 
chronic disorders such as diabetes, obesity and hyper-
tension. In addition, there are a disproportionally 
higher number of health-care workers from the 
BAME community working in the UK NHS, than from 
the Caucasian community, therefore a higher propor-
tion of UK BAME citizen exposed to SARS-coV-2 
infected patients [64]. Those members of the com-
munity living on low income or income support will 
also more likely to be living in accommodation that 
is more densely populated, than those of higher 
socioeconomic status; hence, increasing the likeli-
hood of viral transmission. All these, essentially 
environmental or social factors, as opposed to bio-
logical variables, may well prove to be the most 
likely cause of greater susceptibility to COVID-19, 
though further studies are required to address 
these issues.

Treatment of COVID 19

Currently, there are no specific antiviral therapies 
against SARS-CoV-2 [65]. However, under investigation 
are a range of strategies such as virus-targeted drugs, 
host-targeted drugs and plasma and antibody thera-
pies [66] (Table 4).

Virus-targeted drugs

Remdesivir

Remdesivir is a nucleoside analogue that has been 
shown to inhibit RNA-dependent RNA polymerase 
(RdRP), thus blocking early virus replication [67]. 
A high affinity between remdesivir and SARS-CoV-2 
RNA polymerase was shown by computer modelling 
[68]. In addition, Gao et al. reported the binding 
between remdesivir and SARS-CoV-2 RdRP, showing 
its potential for COVID-19 treatment [67]. Remdesivir 
has been shown to block the replication of SARS-CoV-2 
in vitro and in animal models, and that of SARS-CoV 
and MERS-CoV in animal models [69,70]. About 68% of 
patients with severe COVID-19 have shown oxygen 
improvement after being treated with remdesivir 
[69,71].
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Lopinavir and Ritonavir combination

Lopinavir–Ritonavir is a drug approved for HIV-1 treat-
ment. Lopinavir works as a protease inhibitor, blocking 
the maturation of virus particles, thus inhibiting late- 
stage HIV-1 replication [69,71]. Ritonavir inhibits CYP3A 
enzymes, lowering the breakdown rate of lopinavir in 
the liver, thus enhancing lopinavir activity [71]. 
Lopinavir has shown activity against MERS-CoV in 
both in vivo and in vitro studies. Case reports sug-
gested that virologic clearance and survival were 
achieved when lopinavir–ritonavir is combined with 
interferon-α and ribavirin [71].

Favipiravir

Favipiravir is an RdRP inhibitor approved in Japan to 
treat influenza, and is the first approved anti-COVID-19 
drug in China [66,69] Favipiravir is a guanine analogue 
that causes interference to viral replication by incorpor-
ating into viral RNA [65]. Favipiravir-treated patients 
showed better improvement rate in chest imaging and 
quicker viral clearance compared to lopinavir/ritonavir- 
treated patients in clinical trials conducted in China [72]. 
Nevertheless, potential drug–drug interaction should be 

considered as favipiravir is metabolized in the liver to 
form an inactive oxidative metabolite which is excreted 
by the kidney [71].

Host-targeted drugs

Chloroquine or hydroxychloroquine

Chloroquine and hydroxychloroquine are drugs used to 
treat malaria and as an anti-inflammatory agent for treat-
ing autoimmune diseases [71] Chloroquine suppresses 
the virus replication by increasing the endosomal pH 
[69,71]. Immunomodulatory effects via inhibition of cyto-
kine production and suppression of lysosomal activity 
and autophagy in host cells have been reported [71]. 
Strong antiviral effect against SARS-CoV-2 has been 
shown in in vitro studies [73]. Hydroxychloroquine, 
a chloroquine analogue, possesses greater stability and 
anti-SARS-CoV-2 activity. Accelerated recovery and virus 
clearance were noted in hydroxychloroquine and 
azithromycin-treated COVID-19 patients [74]. However, 
severely ill COVID-19 patients treated with the said 
combinations showed disappointing results [75], sug-
gesting the need for larger and controlled clinical studies. 
Since zinc has been demonstrated to block RdRP and 
chloroquine/hydroxychloroquine are zinc ionophores, 
supplementation of zinc may be essential to examine 
the effect of chloroquine/hydroxychloroquine on SARS- 
CoV-2 [76,77].

Plasma and antibody therapies

Plasmapheresis is used to modulate the immune 
response and eliminate cytokines through extracorpor-
eal blood filtration [68]. Compared to vaccination, 
plasma therapy allows direct antibody administration 
into circulation instead of depending on the induction 
of immunity [78,79]. Convalescent sera have previously 
been shown to decrease the viral burden in MERS and 
SARS patients [80]. Clinical improvement and decrease 
in viral load were also shown by convalescent plasma- 
treated COVID-19 patients [80]. Alternatively, treatment 
could be done by administering purified monoclonal 
antibodies (mAbs) with neutralizing capacity [81]. In 
addition, due to the ability to control composition and 
dosing, mAbs therapy possesses improved efficacy 
compared to convalescent plasma treatment and can 
prevent the ADE from poorly neutralizing or non- 
neutralizing antibodies present in plasma [82]. The 
robustness of mAb treatment over convalescent plasma 
treatment was highlighted by studies conducted 
recently with Ebola patients [83,84]. Besides, the treat-
ment using mAb against respiratory syncytial virus 
(RSV), rabies virus, and influenza virus has been demon-
strated to be effective and safe [85–87].

The neutralizing antibodies (NAbs) against corona-
viruses mainly target the S protein, which is a 

Table 4. Candidate drugs for COVID-19 treatment [67–70].
Candidate drugs Potential mechanism(s) of action

Remdesivir • Inhibits the synthesis of viral RNA [69] 
• Inhibits SARS-CoV-2 RNA polymerase 

[69] 
• Possesses broad-spectrum activity 

against coronaviruses [69]
Lopinavir/ritonavir • Inhibits viral [69] 

• May cause SARS virus inhibition and 
ameliorate the adverse effects of 
infection [70]

Favipiravir + interferon 
alpha

• Inhibits the synthesis of viral RNA [68] 
• Induces innate antiviral response [70]

Favipiravir + baloxavir 
marboxil

• Inhibits the synthesis of viral RNA [70]

Chloroquine or 
hydroxychloroquine

• Disrupt viral release after entering cell 
[68] 

• Disrupts the binding of virus to receptor 
of cell [70] 

• Possesses immunomodulatory effect 
[70] 

• When compared to chloroquine, 
hydroxychloroquine has greater 
stability and is associated with lesser 
adverse effects [70]

Hydroxychloroquine + 
azithromycin

• The effect of hydroxychloroquine is 
listed as above 

• Azithromycin – potentially having 
antiviral activity and provide 
prevention to secondary bacterial 
infection [70]

Interferon beta-1a • May oppose interferon beta suppression 
by SARS-CoV-2 [70]

Interferon alpha • Inhibits animal and human coronavirus 
replication [67]

Tocilizumab • Inhibits interleukin-6 signalling, which 
may counteract cytokine release 
syndrome in critical COVID-19 [69]

p21-activated protein 
kinases 1 (PAK1) 
inhibitors

• May inhibit viral entry into cell since 
coronaviruses exploit micropinocytosis 
for cell entry, in which this process is 
PAK1-dependent [69]
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homotrimeric glycoprotein. Early attempts on acquiring 
NAbs focused on the reassessment of SARS-CoV specific 
mAbs extracted from SARS-CoV outbreak that could have 
the potential to cross-neutralize the virus [71,88]. 
Nevertheless, the ability to neutralize SARS-CoV-2 virus 
or to bind to SARS-CoV-2 S protein was not shown by the 
majority of the SARS-CoV NAbs [71,88–90]. Recently, 
attention has focused on obtaining new SARS-CoV-2 
NAbs from patients recovered from COVID-19 [91–96]. 
Multiple NAbs yielded from the receptor-binding domain 
(RBD) of S protein fragments are able to neutralize SARS- 
CoV-2 by targeting various RBD epitopes [91–96].

Moreover, with technology advancement, recom-
binant fully human antibodies can be utilized instead 
of convalescent plasma [97]. The idea of humanizing 
the mouse immune system genetically has rendered 
a source of naturally chosen, fully human antibodies 
[98]. Presently, despite being restricted to antibodies 
against infectious agents, independent human anti-
body source can be achieved by sorting individual 
B cells from previously infected human patients and 
cloning the antibody genes of these B cells [97]. With 
respect to COVID-19, the prospective aim of this 
approach is to produce a diverse and huge antibody 
collection to permit the selection of pairs of individual 
antibodies with great potency that could bind to the 
critical RBD of S protein, thereby providing suitable 
partners for the therapeutic antibody cocktail that 
possess the ability to reduce the probability of virus 
escape mutants [99].

Vaccine development

Currently, the spike glycoprotein is a main target for 
SARS-CoV-2 vaccine development [69,100]. Ideal future 
SARS-CoV-2 vaccines should produce a long-lived anti-
body-mediated immunity with protective neutralizing 
antibody titre that does not result in antibody- 
dependent enhancement (ADE) on re-infection [100]. 
In addition, an optimal SARS-CoV-2 vaccine should 
avoid inducing an unwanted TH2 cell response and the 
generation of IL10 and IL14 cytokines [100]. Table 5 
details some of the main vaccines to SARS-Co-V-2 
undergoing clinical evaluation [101].

Four vaccines that are currently, in or shortly to enter 
phase 3 clinical trials are mRNA-1273 SARS-CoV-2 vac-
cine, COVID-19 RNA Vaccine (BNT162b1), the Russian 
vaccine (Gam-COVID-Vac) and ChAdOx1 nCoV-19 vac-
cine (AZD1222) (Table 4).

The mRNA-1273 SARS-CoV-2 vaccine (developed by 
the American biotechnology company, Moderna) is 
known as a nucleoside-modified messenger RNA 
(mRNA)-based vaccine that is encapsulated in lipid 
nanoparticle. It encodes a perfusion stabilized 
S glycoprotein of SARS-CoV-2, which mediates mem-
brane fusion for viral entry. Phase 1 clinical trials were 
conducted in humans as an assessment of mRNA- Ta
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1273’s safety, immunogenicity and reactogenicity. In 3 
different dose concentrations (25 μg, 100 μg and 
250 μg) of the first vaccine, the antibody responses 
increased with higher dose after vaccination. After 
the second vaccination, the responses of serum neu-
tralizing activity were similar to that of convalescent 
serum specimens, serving as a control. For the first 
vaccination, over 50% of the participants experienced 
solicited adverse events including fatigue, headache, 
chills, pain at the injection site and myalgia. After 
the second vaccination, it was reported that systemic 
adverse events were more prevalent, especially with 
the highest dose. At least one severe adverse event 
was found in three participants with the highest dose 
(250 μg) [102]. The phase 2 trial of mRNA-1273 focused 
on two doses (50 μg and 100 μg) and was accessed in 
600 healthy adults (age of 18 or above). While for 
phase 3 trial, the mRNA-1273’s safety, immunogenicity, 
and efficacy at a dose of 100 μg compared to the 
placebo is being evaluated in about 30 000 partici-
pants (age of 18 or above) for up to 2 years [103].

Germany’s BioNTech and United States’s Pfizer co- 
developed BNT162b1, is an RNA vaccine that is incor-
porated with nucleoside modified RNA (modRNA). The 
RBD of the S protein of SARS-CoV-2, which is targeted 
by virus-neutralizing antibodies, is being encoded by 
BNT162b1 [104]. The RBD antigen expressed by 
BNT162b1 has an increased immunogenicity due to 
the addition of a T4 fibritin-derived ‘foldon’ trimeriza-
tion domain. BNT162b1 is formulated in lipid nanopar-
ticles (LNPs) to increase the delivery efficiency into cells 
after injection through the intramuscular route [105]. 
For the phase 1/2 trials of BNT162b1, the safety and 
immunogenicity of BNT162b (doses of 10 μg and 
30 μg) was assessed in individuals between 18 and 
55 years old. The systemic events and local reactions 
were dependent on the dose, and their severity ranged 
from mild to moderate. The SARS-CoV-2 neutralizing 
titres and the concentration of RBD-binding IgG were 
raised corresponding to the level of dose and after 
a second dose. The geometric mean concentration of 
RBD-binding IgG was found to be 1.8 to 2.8 times 
greater compared to that seen in the sera of a group 
of patients convalescing from COVID-19 [106]. The 
phase 2/3 trials involve the study of the vaccine’s 
efficacy in participants between 18 and 85 years 
old [107].

The Gamaleya Research Institute (Moscow, Russia) 
developed Gam-COVID-Vac is an adeno-based (rAd26- 
S+ rAd5-S) vaccine employing a non-replicating viral 
vector. The vaccine delivers the gene for the SARS-CoV 
-2 S protein through the adenovirus vector to initiate 
an immune response. There are two forms of Gam- 
COVID-Vac; frozen [Gam-COVID-Vac] and lyophilized 
[Gam-COVID-Vac-Lyo]. In two-phase clinical trials of 
Gam-COVID-Vac, the vaccines were administered intra-
muscularly on 76 volunteers, in which the volunteers 

were separated into two batches with each batch con-
sisting of 38 individuals. In phase 1, 18 individuals had 
received the vaccine with each 9 of them receiving 
rAd26-S and rAd5-S, respectively. In phase 2, both 
rAd26-S and rAd5-S vaccines were applied to a group 
of 20 volunteers. Both forms of the vaccine were 
reported to be well tolerated and safe. The most fre-
quent occurring adverse event was the pain at the site 
of injection, followed by hyperthermia, headache, asth-
enia, and pain of joint and muscle. Nevertheless, the 
majority of the adverse events were not severe. 
Antibodies against SARS-CoV-2 glycoprotein were gen-
erated by all the participants. The heterologous rAd26- 
S and rAd5-S vaccines managed to induce robust cel-
lular and humoral immune responses in participants 
[108]. The phase 3 trials will investigate safety, immu-
nogenicity and efficacy of Gam-COVID-Vac against 
SARS-CoV-2-induced infection in adults, involving 
40,000 individuals (age above 18). They will be sepa-
rated randomly into two groups with 10,000 indivi-
duals receiving placebo and 30,000 individuals 
administered with Gam-COVID-Vac combined vector 
vaccine [109].

The University of Oxford, UK developed ChAdOx1 
nCoV-19 (AZD1222) vaccine comprises the replica-
tion-deficient simian adenovirus vector ChAdOx1, 
consisting of SARS-CoV-2 S protein in full length, 
with a tissue plasminogen activator leader sequence. 
A coding sequence for the codon-optimized 
S protein were expressed by ChAdOx1 nCoV-19. It 
was reported that a single vaccination with ChAdOx1 
nCoV-19 has led to an induction of cellular and 
humoral immune responses in rhesus macaques. It 
was shown to protect them from lower respiratory 
tract infection after they were challenged with a high 
dose of SARS-CoV-2 [110]. The phase 1 and 2 trials of 
this vaccine are a single-blind and randomized con-
trolled trial conducted on healthy adults in the UK 
and was compared with a control vaccine, the 
licenced meningococcal group A, C, W-135, and 
Y conjugate vaccine (MenACWY; Nimenrix, Pfizer, 
UK). In the phase 1/2 trials, there were a total of 
1077 participants, with 543 individuals receiving the 
ChAdOx1 nCoV-19 vaccine, and 534 individuals 
receiving the MenACWY control vaccine. It was 
found that both systemic and local reactions were 
more frequent in the ChAdOx1 nCoV-19 group. The 
peak of the responses of spike-specific T-cells was 
found on the 14th day in the ChAdOx1 nCoV-19 
group, and responses of anti-spike Ig G increased 
by 28th day, and were boosted after a second dose. 
Moreover, when measured in a microneutralisation 
assay (MNA80) and in 50% plaque reduction neutra-
lization assay (PRNT50) after a single dose, 91% (32 of 
35 participants) and 100% of the participants were 
found to have neutralizing antibody responses 
against SARS-CoV-2, respectively. In addition, all the 
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participants were found to possess neutralizing activ-
ity after a booster dose. A strong correlation was 
observed between the neutralizing antibody 
responses and antibody levels. ChAdOx1 nCoV-19 is 
reported to be safe, and antibody responses were 
increased by homologous boosting [111]. Large 
assessment of this vaccine was encouraged due to 
these favouring results and the initiation of both 
cellular and humoral immune responses. For the 
phase 2 trial of ChAdOx1 nCoV-19, the efficacy 
against COVID-19 was accessed in adults (age of 18 
or above), while its safety was accessed in both 
children and adults [112]. For the phase 3 trial, the 
efficacy, safety and immunogenicity of ChAdOx1 
nCoV-19 are being tested on 30,000 participants, in 
which the participants are randomly separated in 
a 2:1 ratio, receiving IM doses of AZD1222 or saline 
placebo (control group) [113].

Prevalence, immunity, the SARS-CoV-2 G614 
strain and implications for movement control 
and vaccine development

Understanding the dynamics and extent of immunity 
to SARS-CoV-2 in the community is of fundamental 
importance. A thorough knowledge of the prevalence 
of infection and an understanding of the nature and 
the extent of innate immunity within the population 
will ultimately inform policymakers on the need or not 
for further movement control and lockdowns. 
Furthermore, knowledge of the antigenic specificity 
eliciting an effective neutralizing immune response 
and the longevity of this response has important impli-
cations for vaccine design.

In the UK, the REal-time Assessment of Community 
Transmission (REACT) study recently reported on 
a national prevalence survey of SARS-CoV-2 virus 
swab-positivity (PCR based) in the English community 
[114]. In this large, nationally representative survey of 
SARS-CoV-2 infection, prevalence of infection was 
approximately 1 in 1000 and decreasing at the end of 
the lockdown period in May 2020. The results con-
firmed the efficacy of enforced measures to contain 
the spread of SARS-CoV-2, with an estimate of R below 
0.6 by the end of the lockdown. There were regional 
differences, with the highest prevalence in London, 
a focus of transmission early in the UK epidemic. As 
with New York and other global cities, this may be 
because of its role as a major transport, business and 
tourism hub [115].

Whilst the UK REACT survey looked at the preva-
lence of the SARS-CoV-2 virus infection within the 
community, a recent large (61,000 participants) nation-
wide population study based in Spain, one of the 
European countries most affected by COVID-19, 
showed approximately only 5% seroprevalence for 
the Spanish population with respect to IgG and IgM 

antibodies to SARS-CoV-2. Based on these results, from 
a country hit hard by the COVID-19 pandemic, sero-
prevalence remained low and would be insufficient to 
provide herd immunity, without an excessive number 
of deaths in the most vulnerable. Consequently, the 
authors concluded that physical distancing and identi-
fication and isolation of new cases were essential to 
control the epidemic [116].

Other workers have investigated the dynamics of 
the immune response in SARS-CoV-2-infected indivi-
duals. Seow et al. [117] conducted a longitudinal eva-
luation of antibody response in individuals up to 94- 
days post-infection, using sequential serum samples to 
measure titres and neutralizing antibody response in 
individuals with differing levels of disease and differing 
viral loads. The magnitude of the neutralizing response 
was dependent on the severity of the disease, with 
declining neutralizing antibody titres observed during 
the follow up period. Interestingly, the IgM and IgA- 
specific responses to the viral proteins (spike, the 
receptor-binding domain and nucleoproteins) rapidly 
declined after twenty to 30 days, compared to the 
longer lasting IgG response: an important considera-
tion for testing strategies and for seroprevalence stu-
dies [117]. For individuals with low infection rates, the 
neutralizing antibody titres were found to be at or 
below the level of detection after only 50 days. This 
obviously has implications for vaccine development if 
the challenge results in a relatively transient response. 
Antibody responses to other human coronaviruses 
have been found to be similarly transient, in some 
cases as little as 12 weeks. However, antibodies to 
SARS-CoV and MERS have been detected up to 
12–34 months after infection [118,119].

Based on what is known from other acute viral epi-
demics such as SARS, a likely scenario is that individuals 
exposed to the SARS-CoV-2 virus will produce specific 
CD4+ and CD8 + T-lymphocytes and neutralizing speci-
fic antibodies which help to clear the acute infection. In 
addition, some of the B and T Cells are likely to be 
retained long term as immunological memory cells to 
effectively provide for protective immunity against 
SARS-CoV-2 [120]. Grifoni et al. [120] used peptide 
megapools comprising the 25 SARS-CoV-2 viral epitopes 
to determine the predominant targets of SARS-CoV-2 
specific CD4 and CD8 cells by testing the blood from 
a cohort of individuals convalescing from COVID-19, in 
addition to an unexposed cohort (samples collected 
2015–2018). Earlier studies on other coronaviruses, 
such as SARS-CoV-1 and the MERS virus, found that 
the viral spike protein (S) accounted for approximately 
two-thirds of CD4 T cell reactivity, with N and M proteins 
only accounting for limited activity or none in one study 
[121]. In contrast, Grifoni and colleagues [120] found the 
pattern quite different for SARS-CoV-2, with S, M and 
N proteins all co-dominant and each recognized by all 
the COVID-19 cases in the cohort. Significant CD4 T cell 
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responses were also seen to be directed against other 
SARS-CoV-2 proteins, i.e., nsp3, ORF3s, ORF7a, nsp12 
and ORF8. The results suggest that whilst a COVID-19 
vaccine consisting of only SARS-CoV-2 spike would be 
capable of producing a specific CD4 T cell response, 
inclusion of other structural antigens to include M and 
N viral proteins may better reflect the CD4 T cell 
response observed in COVID-19 disease. With respect 
to SARS-CoV-2 specific CD8 T cells, importantly it was 
found that response to the spike (S) protein was not the 
dominant response, with the virus generating similar 
reactivity to nsp6, ORF3a and N. The results indicating 
that vaccines produced to elicit only a CD8 response to 
just spike (S), will have a narrow range of reactivity. 
Consequently, an optimal vaccine might benefit from 
additional epitopes, namely those on M, nsp6, ORF3a 
and N. With respect to the concerns of a vaccine gen-
erating a TH2 response [82], i.e., the ‘cytokine storm’, the 
Grifoni et al. [120] study recorded little or no TH2 cyto-
kines in the convalescing patient samples. Lastly, as 
a key to understanding whether cross-reactivity immu-
nity exists between different coronaviruses, the study 
used the same antigens and series of experiments to 
look for CD4 and CD8 T cell cross-reactivity in the sam-
ples collected from the unexposed cohort of individuals 
collected prior to the emergence of COVID-19 (samples 
from 2015 to 2018). Importantly, CD4 T cell responses 
were seen in 40–60% of unexposed individuals reflect-
ing some degree of pre-existing immunity to SARS-CoV 
-2, though whether this immunity is sufficient in influen-
cing the clinical outcome is as yet unknown. However, in 
this respect, Kissler et al. [122] have modelled that any 
amount of cross-protective coronavirus immunity in the 
population could have a substantial impact on the 
course of the COVID-19 pandemic [122].

An important consideration in vaccine development 
for SARS-CoV-2 is the extent to which the main strain of 
the virus, as detected in Wuhan in January 2020, per-
sists and the extent to which mutated versions of the 
virus become the predominant strain. If there is 
a gradual accumulation of mutations resulting in 
a new strain of the virus with antibody resistance, 
there will be a need to develop new vaccines every 
few years, as is seen with the influenza virus. In order to 
address this issue Korber et al. [123] have developed 
a bioinformatic system for tracking changes in the 
SARS-CoV-2 spike sequence. Phylogenetic analysis of 
the global sampling of SARS-CoV-2 is performed by 
the Global Initiative for Sharing All Influenza Data 
(GISAID) database (https://www.gisaid.org/ [124]. 
Korber et al.’s [123] analysis pipeline tracks SARS-CoV 
-2 mutations based on the regular updates in the 
GISAID database, which are linked to the location and 
date of sampling. This has subsequently allowed for 
regional tracking of SARS-CoV-2 mutations over time. 
As the overall mutational rate for the virus is very low, 
the authors set a low 0.3% threshold for Spike 

mutations to be considered of interest, that is the 
reported sequences need to be different by 0.3% or 
greater, than the original Wuhan reference sequence. In 
this respect, even single amino acid changes are worth 
monitoring, as point mutations have been shown to 
confer resistance to neutralizing antibodies in MERS- 
CoV [125] and SARS-CoV-1 [126]. Korber et al. [123] 
monitored the frequency of such mutations in SARS- 
CoV-2 over time in different geographic regions of the 
World. The first significant variant to stand out using 
this type of analysis is D614G, which is now the pre-
dominant strain of SARS-CoV-2 globally. In the D614G 
variant, an amino acid change in Spike is caused by an 
A to G nucleotide mutation at position 23,403 in the 
Wuhan reference strain. This is frequently accompanied 
by a C to T mutation in the 5ʹ UTR (position 241 in the 
Wuhan sequence), a silent C to T mutation (position 
3,037) and a C to T mutation at position 14,408 result-
ing in an amino acid change in RNA-dependent RNA 
polymerase (RdRp P323L). The results of these muta-
tions appear to make G614 more infective than the 
original D614 strain, in addition to producing a higher 
viral load [123]. The SARS-CoV-2 strain containing these 
four mutations is now the main haplotype globally. 
Before March 2020 it was only found in 10% of 
sequences worldwide, during March 67% of sequences, 
and by May 2020 it represented 78% of 12,194 global 
sequences. The transition from D614, the Wuhan refer-
ence strain, to G614 being the main strain of the virus 
occurred at different times throughout the world, start-
ing first with Europe, then North America, Oceania, 
followed by Asia [123]. As the appearance of the G614 
strain occurred during periods of lockdown in many 
countries, it is presumed that selective pressure allowed 
G614 to become the predominant strain at a time when 
infection with the D614 strain would have been inhib-
ited. Whilst the G614 is more infective than D614, and 
will result in a higher viral load, evidence so far shows 
that it does not result in greater disease severity, in that 
it has shown not to be associated with hospitalization 
status [123].

Other mutations in SARS-CoV-2 may well impact on 
the clinical relevance of infection, such as deletions 
occurring in the open reading frame (ORF) 8, and in 
particular, a 382 nucleotide deletion (Δ382) which 
truncates open reading frame (ORF) 7b and removes 
the ORF8 transcription-regulatory sequence, eliminat-
ing ORF8 transcription [127]. A recent study suggests 
that one of the biological functions of ORF8 protein in 
SARS-CoV-2 is to mediate immune evasion by down-
regulating MHC-1 [128]. Limited evidence to date sug-
gests that the deletion does not affect the infective 
capabilities of the virus, or prevent the disease, but is 
associated with a less severe clinical outcome. Patients 
infected with the Δ382 variant had less severe infec-
tions in terms of hypoxia requiring supplemental oxy-
gen, had a more effective immune response and had 

BRITISH JOURNAL OF BIOMEDICAL SCIENCE 179

https://www.gisaid.org/


lower concentrations of pro-inflammatory cytokines 
and growth factors associated with severe COVID-19 
[127]. The Δ382 variant emerged in Wuhan early in the 
epidemic and was exported by travellers to both 
Singapore and Taiwan, arising as a co-infection with 
the wild-type virus but becoming the dominant strain 
in the second week of illness [127]. Interestingly, geno-
mic data shows that the Δ382 variant is not related to 
the G614 clade [123] but to the original D614 Wuhan 
strain [129]. Additional deletions in the SARS-CoV-2 
ORF8 have been reported in cases of COVID-19 from 
Bangladesh (345 nucleotides), Australia (138 nucleo-
tides) and Spain (62 nucleotides), but with no accom-
panying clinical data [130,131].

Summary

The series of events involved in the spread of the SARS- 
CoV-2 virus, its molecular structure, the pathophysiology 
of COVID-19 and some details of therapeutic interven-
tions and SARS-CoV-2 vaccines in clinical trials have been 
reviewed in addition to some of the latest epidemiolo-
gical surveys on SARS-CoV-2 prevalence and seropreva-
lence in the community. Knowledge from surveys such 
as these along with a thorough understanding of the 
dynamics of the immunological response to the virus 
will be key to controlling the pandemic and its effects. 
The recent UK REACT study [114] shows the efficacy of 
enforced lockdown measure in reducing the (R0), though 
such efforts of containment may not be as effective with 
more infective strains of SARS-CoV-2 such as the G614 
clade [123]. Conversely, whilst selective pressure favours 
more infective strains of the virus, other mutations, such 
as the Δ382 variant could result in a less virulent virus 
[127], reducing the clinical relevance of infection, and 
therefore, in turn, the need for stringent movement 
control, particularly once vaccines become available. 
The Spanish population-based study emphasises the 
low level of seroprevalence in the Spanish population 
with respect to IgG and IgM antibodies to the virus [116]. 
However, whether this is still the case following the 
subsequent waves of the pandemic occurring in 
Europe and other continents remains to be seen. 
Questions also remain regarding the longevity of the 
immune response to the virus, as seen with the King’s 
College London study, which showed the neutralising 
antibody response to be relatively transient [117]. The 
front runners in the race to develop an effective vaccine 
and currently in or progressing to phase 3 clinical trials 
have been reviewed, all of which focus on the SARS-Co 
-V-2 Spike protein [102,106,108,111] Whether more 
effective vaccines could be manufactured that produce 
a CD4 and CD8 response to a wider range of SARS-Co 
-V-2 viral proteins, as inferred by the work of Griffoni 
et al. [120], remains to be seen. In addition, the manu-
facture of potent genetically engineered neutralising 
antibodies may lead to the adoption of more effective 

immunisation strategies [96–98]. Lastly, population- 
based studies that determine the level of innate immu-
nity to SARS-CoV-2 existing in the community, from prior 
exposure to the virus or indeed to other coronaviruses 
[120,122] will have important implications for the strin-
gencies of government-imposed movement control and 
upon the strategic delivery of vaccination programmes.
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