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Abstract
Neither vaccination nor natural infection result in long-lasting protection against SARS-COV-2 infection and transmission, 
but both reduce the risk of severe COVID-19. To generate insights into optimal vaccination strategies for prevention of severe 
COVID-19 in the population, we extended a Susceptible-Exposed-Infectious-Removed (SEIR) mathematical model to com-
pare the impact of vaccines that are highly protective against severe COVID-19 but not against infection and transmission, 
with those that block SARS-CoV-2 infection. Our analysis shows that vaccination strategies focusing on the prevention of 
severe COVID-19 are more effective than those focusing on creating of herd immunity. Key uncertainties that would affect 
the choice of vaccination strategies are: (1) the duration of protection against severe disease, (2) the protection against severe 
disease from variants that escape vaccine-induced immunity, (3) the incidence of long-COVID and level of protection pro-
vided by the vaccine, and (4) the rate of serious adverse events following vaccination, stratified by demographic variables.

Keywords Respiratory infections · SARS-CoV-2 pandemic · COVID-19 · Influenza · Vaccines · Vaccine effectiveness · 
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Introduction

Since the onset of the COVID-19 pandemic in 2020, it has 
become clear that neither infection nor the current vaccines 
[1–3] generate long-term immunity against SARS-CoV-2, 
because of rapidly waning antibody titres, continued viral 
evolution and high transmission rates [1, 4–8]. The transition 
of SARS-CoV-2 from a pandemic to an endemic state war-
rants reconsideration of future vaccination strategies, based 
on current evidence and the key uncertainties in the biology, 
epidemiology and evolution of the virus that remain.

Sustained protection against severe disease

Emergency use vaccines against SARS-CoV-2 have substan-
tially reduced rates of morbidity and mortality from COVID-
19 in countries with high vaccination uptake, especially in 
high-risk groups such as the elderly. Observational studies in 
Israel, the UK, the United States and Qatar clearly show that 
vaccines provide robust protection against severe disease and 
death [9–13]. This may be due to cellular immunity since 
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vaccine-induced memory B cells or T cells do not decline 
as rapidly as neutralizing antibody titers wane [3, 14, 15]. In 
addition, the recent Omicron variants have an upper respira-
tory tract tropism [16], which is associated with lower patho-
genicity [17, 18], reduced risk of hospitalization [19, 20], 
but increased transmissibility.

Reinfections due to rapid waning 
of immunity and immune escape

Protection against infection wanes rapidly both after vac-
cination [21] and natural infection [22]. Reinfections in 
vaccinated individuals and previously infected individuals 
have been common, especially with the Omicron variants 
[10, 23, 24].

This pattern of short-lasting immunity is similar to that of 
common cold viruses HCoV-NL63, HCoV-HKU1, HCoV-
229E and HCoV-OC43 but different from the long-lasting 
immunity induced by SARS-CoV-1 and MERS [25, 26]. 
Antibodies elicited after SARS-CoV-2 infection and vac-
cination predominantly target the receptor-binding domain, 
which rapidly mutates [27, 28]. Through evolution, the virus 
can escape binding and neutralization by antibodies elicited 
after natural infection [29], and vaccination [11, 30–35]. 
Recent Omicron variants also escape therapeutic monoclo-
nal antibodies [36–40].

Reinfections with SARS-CoV-2 reduce the risk of severe 
COVID-19 outcomes, in both vaccinated and in unvacci-
nated individuals [41, 42] and hospitalisation and death rates 
are lower in those who had a previous infection compared to 
those with a primary infection [9, 43].

Community‑wide control after transition 
from pandemic to endemic state

SARS-CoV-2 is on a pandemic-to-endemic trajectory with 
a strong seasonal transmission component. The long-term 
epidemiological pattern will be endemic persistence with 
peaks in transmission during the winter months plus recur-
rent surges of infection due to the emergence of novel vari-
ants [2, 44]. There may be multi-year period troughs and 
peaks in incidence (longer than seasonal outbreaks) deter-
mined by transmission intensity (the magnitude of the basic 
reproductive number  R0 and the generation time of infection) 
and a population’s net birth rate (replenishing the supply of 
susceptible people) [2, 44, 45].

The transition from a pandemic to an endemic state 
has consequences for public health policy to moderate 
the impact of COVID-19, and especially the vaccination 

strategy to employ in the general population. Should this 
be part of childhood vaccination, should it be for the 
elderly and at risk only, or should the whole population 
be encouraged to get vaccinated? In cases where vaccines 
block infection, population-wide vaccination creates high 
levels of immunity, and has an advantage over vaccinating 
only those susceptible to severe disease (Fig. 1a). When 
immunity from vaccination is long-lasting, susceptible 
people are protected directly by vaccination or infection, 
and indirectly because transmission by others is less likely 
[46]. Implicitly, it was an expectation that the vaccines 
would protect against infection and transmission, as well 
as against severe disease. However, the growing body of 
evidence that vaccine protection against infection and 
transmission is so short-lived for SARS-CoV-2 indicates 
that population immunity would require vaccinating eve-
rybody at frequent intervals [47, 48].

With this combination of short-lived protection against 
infection and sustained protection against severe disease, 
little benefit arises from trying to create high levels of herd 
immunity even when vaccine efficacy is very high (> 90%) 
[1] (Fig. 1b). A strategy of ‘vaccinating all’ is then less 
efficient, as it results in the same fraction of severe dis-
eases averted as with the strategy of vaccinating only those 
susceptible to severe disease.

Learning from the yearly influenza 
vaccination campaign

For influenza, the yearly vaccination also elicits non-steriliz-
ing immunity due to continued viral evolution. Vaccinating 
the vulnerable and those in high-risk environments reduces 
hospitalizations and deaths, even at reasonably low cover-
age [53]. However, the  R0 for influenza A is low: <1 in the 
summer season in the northern hemisphere and around 1.28 
in winter, enabling effective herd immunity at lower cover-
ages [54]. For SARS-CoV-2, herd immunity would not be 
achievable, even at high coverage, given its much higher  R0 
value (> 5 for some Omicron strains). Although risk groups 
for severe influenza and SARS-CoV-2 partially overlap, 
coadministration of SARS-CoV-2 vaccines with the yearly 
flu jab is logistically challenging. Many of the current vac-
cines are not syringe-filled and have challenging temperature 
storage requirements, hampering fast administration at GPs 
and pharmacies.

Key uncertainties

The best vaccination strategy  –  balancing health ben-
efits with cost of implementation – will be different for 
the endemic SARS-CoV-2 compared to the pandemic 
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SARS-CoV-2. If past vaccination continues to offer some 
strong protection against severe disease and associated mor-
tality, then future vaccination strategies could be selective 
rather than community-wide.

Various uncertainties hamper weighing the benefits and 
disadvantages of vaccination. First, the long-term protec-
tion against disease by vaccination or natural infection is 
unknown, as we are only at year 2 since the start of mass 
immunisation campaigns. Vaccinating risk groups only 
may be sufficient as long as  non-risk groups are still pro-
tected from severe disease by previous infections and past 
vaccination. Second, little data is available on the inci-
dence of morbidity due to long COVID and reduction of 
that incidence by vaccines. Long COVID seems to occur 
mainly after otherwise mild infections, and in people who 
do not have an increased risk of hospitalization or death 

[55–57]. In young age groups, early experience of SARS-
CoV-2 could be beneficial, but only if the incidence of 
long COVID in these groups is low compared to the rate 
of serious adverse events after [58]. Third, high quality 
data on the rate of serious adverse events after vaccination, 
and the risk of severe disease following reinfection should 
be collected as an urgent priority, stratified by gender, age 
group, and various comorbidities including immunosup-
pression. Furthermore, the risk of severe disease follow-
ing reinfection will change as SARS-CoV-2 continues to 
evolve worldwide in directions that are difficult to predict. 
Evolution will drive to increased transmissibility but this 
may or may not be linked to reduced or increased patho-
genicity [59]. Variants less well-matched to the strains 
used for current vaccines may escape prior immunity 

Fig. 1    Comparison of ‘fraction of severe diseases averted’ as a func-
tion of vaccine efficacy between two vaccination strategies for a vac-
cine that blocks infection, and b  vaccine that blocks severe disease. 
The classic Susceptible-Exposed-Infectious-Removed (SEIR) math-
ematical model was extended to describe the potential impact of 
vaccines of different mechanisms of action to generate insights into 
the corresponding optimal vaccination strategy for the prevention of 
severe diseases in the population [49,  50]. The schematic diagram 
shown displays all the transitions between the different infection 
states. All individuals are initially susceptible to infection. 33% of 
the total population is considered to be ‘susceptible to severe disease’ 
(SI), i.e., at a higher risk of developing severe disease (≥ 60 years old 
and those with comorbidities [51]). The rest of the population (nSI) 
is more likely to develop mild/asymptomatic disease. In this exam-

ple, we consider the extreme scenario where the probability of the 
exposed SI group developing severe disease is equal to 1, whereas 
that of the nSI group is zero. Individuals in each group can be vac-
cinated (V) or not (nV). The output that is illustrated in the figures 
is the proportion of severe diseases averted within the first 120 days, 
for varying vaccine efficacy. The case where all individuals are vacci-
nated independently of whether they are susceptible to severe disease 
or not (‘All’) is compared to the case where only individuals that are 
susceptible to severe disease are vaccinated (‘Susceptible to severe 
disease’). The vaccination coverage is 85% in the SI group and 50% 
in the nSI group [51]. The model has been parametrised to describe 
the spread of SARS-CoV-2 in the early stages of the pandemic when 
 R0 is low to moderate in value [50, 52]. R

0
 = 2.8, latent period = 3.4 

days
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unless vaccines are updated to the dominant circulating 
strains.

Implications for future vaccination 
strategies

To resolve key uncertainties, phase IV studies are needed on 
the following topics carefully stratified by a series of demo-
graphic variables such as age, sex, comorbidities and vac-
cination status: (1) the duration of protection against severe 
disease; (2) the level of protection against severe disease 
from well-matched versus differing variants; (3) the inci-
dence of long COVID; and (4) the rate of serious adverse 
events following vaccination.

Such information should inform governments consider-
ing moving to a vaccination strategy that centres on mor-
bidity and mortality prevention, instead of transmission 
control via the creation of herd immunity. Groups at high 
risk for mortality and hospital admissions should then be 
prioritized [48]. Although precise identification of the most 
vulnerable is challenging, various factors, including age and 
certain comorbidities, are clearly associated with increased 
risk of severe COVID-19. Further data on progressing to 
long COVID is needed, especially in the younger age groups 
that otherwise have lower risks of severe disease [55, 56].

Worldwide, the evolution of SARS-CoV-2 should be 
tracked to warn about the emergence of new strains that 
escape immunity, or have enhanced transmissibility and 
pathogenicity [59]. Improving the durability of immunity 
across strains should be a research priority, for example 
through development of multivalent vaccines as in the case 
of the pneumococcal vaccines. In future, the non-sterilizing 
immunity conferred by vaccines in those at risk could be 
combined with novel antiviral therapies that prevent infec-
tion, lower viral load and concomitantly lower transmissibil-
ity and pathogenicity.
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