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Emergence of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)



COVID-19

Asymptomatic or mild cold
Rare complications

Case fatality ratio:
SARS-CoV: 5-10%
MERS-CoV: 35%

SARS-CoV-2: 0.5-3% before vaccination

Asymptomatic, mild or severe cold
Frequent complications > 65

Epidemic coronaviruses



• Over 780 million people have been diagnosed with SARS-CoV-2 infection. 
• 7 million deaths have been recorded.  

Evolution of the COVID-19 pandemic



H. Yao et al., 2020 

SARS-CoV-2 Spike protein binds to ACE2

Wang et al., Cell, 2020 
Markus Hoffmann and Stefan Pöhlmann., Nature Microbiology, 2021 



SARS-CoV-2 Spike protein



Adapted from Stephens and McElrath, JAMA, 2020 ; Zhang et al., Science 2020 ; Bastard et al., Science 2020 ; Hadjajd et al., 
Science 2020 ; Zheng et al., BMJ 2020; Sette and Crotty, Cell, 2021

biomarker of infection and protective immunity 

Immune responses during COVID-19



In Vo’ (Italy), 40% of SARS-CoV-2-infected 
patients were asymptomatic.

Lavezzo et al., Nature, 2020

On the cruise ship Diamond Princess, 58% of 
infected individuals were asymptomatic.

Sakurai et al., NEJM, 2020

Factors associated to severe disease

Marciel de Souza, Nat Hum Behav 2020

Asymptomatic 
infection

Clinical features of COVID-19



“Passive transfer of neutralizing 
antibodies can prevent severe 

SARS-CoV-2 infection  in multiple 
animal models.”

Science, 2020

Nature, 2021

2021

Definition: A CoP is an immune marker that can be used to reliably predict a vaccine’s level of 
efficacy in preventing a clinically relevant outcome.

“Neutralizing antibodies levels 
are highly predictive of immune 
protection from symptomatic 

infection.”

Correlates of protection (CoP) against SARS-CoV-2



• They are specific and target multiple epitopes

• They often correlate with sterilizing immunity

• Their transfer may provide immune protection

Pantaleo G et al., Nature, 2022
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Neema et al., Int Rev Immunol, 2022

Protection against severe disease



Neema et al., Int Rev Immunol, 2022

Protection against severe disease
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Beginning of 2021: Implementation of COVID-19 Vaccination

Salim S Abdool Karim & Tulio de Oliveira, NEJM, 2021



Among those aged over 50 years, overall CFR was
10 times higher in those who were unvaccinated
(6.3%) compared with those vaccinated in the
6 months prior to their positive test (0.6%). The high-
est CFR observed during the study period was among
unvaccinated cases aged over 80 years, in the week
commencing 15 January 2021 (30.6%) (Figure 2(d)).
The lowest CFR was observed among vaccinated
50–59-year-olds from May 2021 onwards (0.02%),
after the primary vaccine course rollout in this age
band.

Although low, a slight decline in CFR was
observed after the COVID-19 booster dose rollout
in late 2021, notably among those aged over 70
years. However, at the same time, CFR declined in
all groups, including a steep decline in unvaccinated
populations. At this point, the Omicron variant had
emerged and both SARS-CoV-2 tests and COVID-19
case numbers (Figure 1) were at their highest point of
the pandemic, resulting in widespread immunity.

Towards the end of the study period, an increase
in CFR can be seen among those whose most recent
vaccine dose was over 6 months prior to their positive
test. In the oldest age bands (70–79 and over
80 years), CFR approaches that of their unvacci-
nated same-age peers.

Further analysis of CFR stratified by sex, residen-
tial IMD and ethnic group is presented in
Supplementary Appendix Table 4. The highest over-
all CFR when stratified by ethnic group was observed
among those of unknown ethnic group (7.13%), fol-
lowed by those of Asian/Asian British and Black/
Black British ethnicity (2.79% and 2.73%, respectively).
CFR was highest among those living in the most
deprived IMD quintile (3.49%) and was higher
among men (3.05%) compared with women
(2.27%). These analyses all show similar CFR
trends by vaccination status, with higher CFR seen
in unvaccinated groups compared with vaccinated.

Sensitivity analysis

A sensitivity analysis stratifying CFR by testing
Pillar (Pillar 1 representing tests within healthcare
settings; Pillar 2 community-based testing) shows
the same patterns in CFR by vaccination status and
age band as the overall CFR, yet with higher CFR
seen in Pillar 1 cases. In both testing Pillars, CFR is
considerably higher in unvaccinated groups (21.1%
under Pillar 1; 2.2% under Pillar 2) and lowest in
those vaccinated within 6 months prior to their pos-
itive test (4.9% under Pillar 1; 0.23% under Pillar 2).

Discussion
In this analysis, COVID-19 CFR in England is pre-
sented during a period of widely available SARS-
CoV-2 testing, stratified by vaccination status and
age band. Overall, CFR was found to be highest in
older individuals and those who were unvaccinated.
The results also show that demographic factors, par-
ticularly sex, geographical region of residence, resi-
dential IMD and ethnicity also play a role in
determining CFR. During the study period, CFR
fluctuated considerably over time among all groups.
This could be attributed to several factors, including
changes to virulence, with emerging genomic variants
of SARS-CoV-2 circulating in the population at dif-
ferent times, and the demographics of the population
susceptible to infection shifting as vaccine-derived
and natural immunity from increased exposure
became more likely. Artefactual factors, such as test-
ing availability and coverage, and changes in clinical
management, may also impact both numerator and
denominator when calculating CFR.

Table 1. CFR of COVID-19 cases between 28 May 2020 and
28 February 2022, aged 18 years and over, by vaccination
status or age band.

Deaths
(n)

Cases
(n)

CFR
(%)

Vaccination status

Unknown 197 44,421 0.44

Unvaccinated 73,599 4,461,645 1.65

Up to 6 months
since last dose

11,400 5,032,493 0.23

Over 6 months
since last dose

5346 1,077,589 0.50

Age band (years)

18–29 175 2,753,340 0.01

30–39 617 2,400,134 0.03

40–49 1635 2,121,236 0.08

50–59 4630 1,690,013 0.27

60–69 10,189 879,947 1.16

70–79 21,412 453,863 4.72

80þ 51,884 317,615 16.34

Total 90,542 10,616,148 0.85

CFR: case fatality risk.
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Abstract
Objectives: Risk of death after severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection has
fallen during the pandemic, largely due to immunity from
vaccination. In England, the timing and extent of this reduc-
tion varied due to staggered eligibility during the primary
vaccination campaign, based on age and clinical risk group.
Duration of protection is less well understood. Our objec-
tive was to estimate the case fatality risk (CFR) by vaccina-
tion status and time since last dose during a period of
widespread community testing, to better understand the
impact of coronavirus disease 2019 (COVID-19) vaccina-
tion and duration of protection.
Design: SARS-CoV-2 cases diagnosed between May 2020
and February 2022 were linked to vaccine records from the
National Immunisation Management System. CFR was cal-
culated as the proportion of cases that died of COVID-19
per the death certificate, aggregated by week of specimen
and stratified by 10-year age band and vaccination status.
Setting: England, UK.
Participants: A total of 10,616,148 SARS-CoV-2 cases, aged
!18 years, recorded by England’s laboratory reporting
system.
Main outcome measures: Case fatality risk of COVID-19,
stratified by age band and vaccination status.
Results: Overall, a reduction in CFR was observed for all
age bands, with a clear temporal link to when the age group
became eligible for primary vaccination and then the first
booster. CFR increased with age (0.3% 50–59 years; 1.2%
60–69; 4.7% 70–79; 16.3% 80þ) and was highest in the
unvaccinated – albeit a reduction was observed over
time. The highest CFR was seen in the unvaccinated 80þ
group prior to vaccination rollout (30.6%). CFR was con-
sistently lowest in vaccinated populations within 6 months
of last dose, yet increased after over 6 months elapsed since
last dose, across all age bands.
Conclusions: COVID-19 CFR reduced after vaccination,
with the lowest CFR seen across all age bands when vacci-
nated up to 6 months prior to specimen date. This provides
some evidence for continued booster doses in older age
groups.

Keywords
Epidemiology, infectious diseases, other statistics and
research methods, population trends, public health
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Introduction
After the successful rollout of the coronavirus disease
2019 (COVID-19) vaccination programme in
England, COVID-19-associated hospitalisations and
deaths reduced significantly. The vaccine has been
credited with directly averting an estimated 261,500
hospitalisations and 127,500 deaths in England
alone.1 While clinical trials and real-world vaccine
effectiveness studies have clearly demonstrated the
vaccine’s ability to significantly reduce COVID-19
disease severity,1,2 it remains useful to use ecological
analyses to visualise the overall impact of vaccines on
COVID-19 mortality in the population.

England staggered the rollout of vaccines through
the population by priority groups based on highest
risk of severe outcomes, as defined by the Joint
Committee on Vaccination and Immunisation
(JCVI). This allows us to observe changes in
COVID-19 mortality through different risk groups
over time.3,4 On 8 December 2020, the COVID-19
vaccine was first offered to care home residents and
staff, people aged over 80 years and frontline health-
care staff (Supplementary Appendix Table 3).5–8 The
vaccine was then offered to younger age groups and
those in clinical risk groups in stages, up to mid-June
2021 when all people aged over 18 years were eligible.
Booster vaccines were initially offered to people aged
over 50 years and clinically vulnerable groups from
September 2021, then subsequently offered to the
whole population, again staggering the roll out
through the priority groups.
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Efficacy of vaccins 



John S. Tregoning et al., Nature, 2022

Factors influencing vaccine effectiveness
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Emergence of SARS-CoV-2 variants in 2021



Emergence of Omicron variants

www.nature.com/nrmicro
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lineage- specific responses, with some cross- reactivity. 
Antigenic cartography analyses indicated that all VOCs 
except Omicron belong to one large antigenic cluster, 
whereas Omicron forms a new cluster, escaping vaccine 
or convalescent sera7,8.

Omicron is thus particularly unsensitive to antibod-
ies elicited against prior variants. Future work is war-
ranted to confirm whether Omicron- elicited antibodies 
are also poorly cross- reactive against preceding variants 
and to determine whether all Omicron sublineages may 
be included in the same serotype. Recent results indeed 
indicate that Omicron sublineages are antigenically 
equidistant from the ancestral SARS- CoV-2 (REF.9).

Boundaries of each serotype may be difficult to estab-
lish, owing to the generally high rate of change, com-
bined with recurrent or convergent changes in various 
lineages. Within each serotype, different antigenic clus-
ters may be present, indicating a continuum of immune 

escape and immunodominance patterns8, and bounda-
ries will likely evolve when new variants appear. In par-
allel, repeated exposure to the virus or vaccinal antigens 
will increase the breadth and potency of the humoral 
response, limiting serotype specificity.

Implications
Classifying SARS- CoV-2 into serotypes may help to bet-
ter understand differences or solve issues observed in 
the diagnosis, treatment and vaccination of COVID-19. 
Some rapid antigenic tests are less sensitive against 
Omicron10, probably because of the choice of the anti-
bodies used for detection. Spike- based serology tests use 
antigens derived from the ancestral sequence and may 
also be less accurate for Omicron- elicited antibodies. 
PCR tests need to be continuously adapted to cover and 
possibly identify variants or serotypes, as a fast comple-
ment to genomic surveillance that can be leveraged for 
patient care. Treatments with monoclonal antibodies 
have been strongly affected by Omicron, highlighting 
the need for molecules with broad anti- coronavirus 
activity. Vaccine manufacturers are testing updated vac-
cines to enhance the breadth of the elicited antibodies, 
although this strategy remains under debate.

Omicron displays pathological, genetic, structural 
and antigenic features that clearly distinguish it from 
prior SARS- CoV-2 variants. Grouping the ancestral 
virus and variants as members of the original serotype 1 
while considering Omicron BA.1, and probably BA.2 
and BA.3, as a distinct serotype 2 should facilitate sur-
veying the evolution of the SARS- CoV-2 pandemic and 
tailoring of diagnostic, treatment and prevention tools.
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Fig. 1 | SARS-CoV-2 global evolution and Omicron divergence. Maximum likelihood 
phylogenies inferred from spike nucleotide sequences, scale corresponding to number 
of substitutions per site.
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A serotype is defined as a variation within a microbial 
species, distinguished by the humoral immune response. 
The serotype classification of bacteria or viruses is based 
on their surface antigens and was established before 
the availability of other techniques, such as genome 
sequencing or mass spectrometry. Antibodies gener-
ated to one serotype do not usually efficiently protect 
against another serotype. Serotypes have been described 
in many viral species and generally correspond to 
geno types. A classification by serotype is not unprece-
dented in the family Coronaviridae, for example, feline 
 coronavirus (FCoV) has two serotypes..

m

.

m

.

m

.

m

Omicron’s extensive set of mutations is associated 
with substantial functional and structural differences 
(fitness and tropism) compared with previous variants1. 
The Omicron spike trimer has a more compact organi-
zation that improves stability and enhances attachment 
but reduces fusion2,3. These differences likely contrib-
ute to the 50–90% reduction in risk of hospitalization 
and mortality of Omicron relative to Delta and suggest 
that continued SARS- CoV-2 evolution may produce 
 serotypes with different biological properties.

Phylogenetic analysis
A phylogenetic analysis of SARS- CoV-2 evolution in 
humans distinguishes two types of variant. Most viral 
evolution represents the steady accumulation of substi-
tutions in the main circulating lineages over time. In par-
allel, variants with a cluster of changes have emerged, 
akin to an evolutionary jump. Five such unexpected var-
iants were termed variants of concern (VOCs) because 
of their extensive genomic changes and spread (Alpha, 
Beta, Gamma, Delta and Omicron). Omicron is the 
most striking and recent example of a divergent (and 
diverse) lineage that quickly spread after its detection. 
Non- mutually exclusive hypotheses have been proposed 
for VOC emergence, including circulation in regions 
with limited genomic surveillance, long- term evolution 
in immunocompromised individuals and replication in 
an animal reservoir.

The initial Omicron variant (BA.1), first identified 
in Botswana and South Africa in November 2021, has 
54 mutations and 7 indels compared with the ances-
tral sequence, with more than half of those in spike. 
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The lineage does not derive from recently circulating 
variants, and comprises sublineages (BA.1, BA.2 and 
BA.3). While BA.2 and BA.3 share many of the signature 
changes of BA.1, they carry unique mutations4, and their 
evolution might have included recombination.

Among the 34 amino acid changes in the BA.1 spike, 
15 are in the receptor- binding domain (RBD), rep-
resenting ~7% of changes. BA.2 and BA.3 share 14 of 
the 15 RBD changes of BA.1. Previous VOCs had only 
8–12 changes in spike, 1–3 of which are in the RBD. 
This produces spike phylogenies compared with those 
based on complete genomes, with a similar topology but 
stretched Omicron branch (FIG. 1; Supplementary Fig. 1). 
Phylogenies using amino acid sequences for spike and 
RBD also show a distinction of Omicron sublineages 
(Supplementary Fig. 1). Combined with the biological 
differences, Omicron could be considered a distinct 
SARS- CoV-2 strain. We thus propose to include the 
ancestral virus and main variants (Alpha, Beta, Gamma 
and Delta) in a serotype 1, and Omicron BA.1, BA.2 and 
BA.3 as a distinct serotype 2 (FIG. 1).

Limited antibody cross- reactivity
Classifying Omicron lineages in a novel serotype implies 
that the antibodies generated against the previous vari-
ants do not efficiently cross- react against these lineages, 
and vice versa. Is this the case? Omicron displays con-
siderable escape to neutralization by antibodies gener-
ated by vaccination or previous infection. A third- dose 
booster, vaccination of previously infected individuals 
or SARS- CoV-2 breakthrough infection elicits potent 
and broad neutralizing antibody responses. Therefore, 
the evolution and recall of the memory B cell popula-
tion enable the generation of affinity- matured improved 
 versions of the antibodies.

Less is known about the reciprocal situation; the 
neutralization breadth of antibodies generated to 
Omicron has only started to be characterized. In a study 
of few individuals, neutralization of Delta was 2.5- fold 
lower than Omicron5. Similarly, in mice, an Omicron 
RBD- based mRNA vaccine induced potent neutralizing 
antibodies to Omicron but not against other variants6. 
Infections with the ancestral or Alpha variant induced 
the broadest immunity7, while other VOCs elicited more 

Towards SARS- CoV-2 serotypes?
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The magnitude of immune evasion of Omicron raises the question whether it should be 
considered as a distinct SARS- CoV-2 serotype. Here, we discuss lines of evidence in support  
or against the concept of SARS- CoV-2 serotypes, and the implications of this classification.
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Global transitions in major variants

Planas D et al. Nature Commun, 2024 

AlphaBeta Delta Omicron BA.2.86/JN.1



34 substitutions

Mutations can effect different properties of the Spike:
• Binding affinity to the receptor ACE2. 
• Spike fusogenicity – S1/S2 cleavage, conformational changes, receptor affinity.
• Evasion from the immune system e.g. neutralizing antibodies from previous infections or vaccinations.

32 substitutions

23

Evolutionary jump



“Real-time” evaluation of SARS-CoV-2 antibody evasion



Principle of neutralization assay



Syncytia formation in COVID-19 patients



Cell reporter system of SARS-CoV-2 infection



S-Fuse neutralizing assay
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Aim: 
Characterization of current SARS-CoV-2 variants:

a model for the diversification of an emerging virus.

Epidemiology and genetic evolution 

Viral replication and fitness

Model of cell line to characterized SARS-CoV-2 variants:
ACE2 affinity
Spike fusogenicity
Sensitivity to antiviral drugs

Neutralizing Antibody escape



Vincent Michel @Institut Pasteur

Multiplication of SARS-CoV-2 in airway epithelium model
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ACE2 and TMPRSS2 expression in 
human nasal epithelial cells (hNECs)



BA.2.86.1 seems to replicates faster 
than BA.1 and Delta variants
Viral input: 
2.103 infectious particules/mL



Post-Omicron variants replicate faster and higher 
compared to D614G and Delta.
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Variant-adapted vaccines



Mucosal vaccines
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Lu Zhang et al., Lancet Microbes, 2026

Emerging SARS-CoV-2 variant BA.3.2



In summary

Emerging variants are often:

•more fit than previous variants
•less sensitive to sera from vaccinated individuals
•escape binding and neutralization by most therapeutic mAbs
•remain sensitive to Nirmatrelvir, Molnupiravir & Remdesivir

Remaining challenges

Fitness and tropism
Longer surveillance periods, impact and frequency of booster dose
Correlation between antibody levels, neutralizing titers and vaccine effectiveness 
Local and systemic humoral responses in vaccine efficacy
Cellular immunity 
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