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ABSTRACT

Objectives To project impacts of mass vaccination
against COVID-19, and investigate possible impacts of
different types of naturally acquired and vaccine-induced
immunity on future dynamics of SARS-CoV-2 transmission
from 2021 to 2024 in England.

Design Deterministic, compartmental, discrete-time
Susceptible-Exposed-Infectious-Recovered (SEIR)
modelling.

Participants Population in England.

Interventions Mass vaccination programmes.

Outcome measures Daily and cumulative number of
deaths from COVID-19.

Results If vaccine efficacy remains high (85%), the
vaccine-induced sterilising immunity lasts >182 days, and
the reinfectivity is greatly reduced (by >60%), annual mass
vaccination programmes can prevent further COVID-19
outbreaks in England. Under optimistic scenarios, with
annual revaccination programmes, the cumulative number
of COVID-19 deaths is estimated to be from 130000 to
150000 by the end of 2024. However, the total number

of COVID-19 deaths may be up to 431000 by the end of
2024, under scenarios with compromised vaccine efficacy
(62.5%), short duration of natural and vaccine immunity
(365/182 days) and small reduction in reinfectivity

(30%). Under the assumed scenarios, more frequent
revaccinations are associated with smaller total numbers
and lower peaks of daily deaths from COVID-19.
Conclusions Under optimistic scenarios, mass
immunisation using efficacious vaccines may enable
society safely to return to normality. However, under
plausible scenarios with low vaccine efficacy and short
durability of immunity, COVID-19 could continue to

cause recurrent waves of severe morbidity and mortality
despite frequent vaccinations. It is crucial to monitor

the vaccination effects in the real world, and to better
understand characteristics of naturally acquired and
vaccine-induced immunity against SARS-CoV-2.

INTRODUCTION

The COVID-19 pandemic caused by the
spread of SARS-CoV-2 has resulted in more
than 4.2 million deaths globally by the end
of July 2021,' and severe disruptions of

Strengths and limitations of this study

» This is the first modelling study to explicitly inves-
tigate the impacts of different types of immune re-
sponses to SARS-CoV-2 infection and vaccines on
the COVID-19 epidemic in England.

» The model has been calibrated based on historically
observed data in England, and plausible futures are
explored via a large number of projection scenarios.

» This is a deterministic model to answer ‘what-if’
questions, and uncertainty in estimated parameters
may have not been fully accommodated.

» There remain many uncertainties regarding dura-
bility and types of naturally acquired and vaccine-
induced immunity against SARS-CoV-2.

economies and social activities around the
world. The spread of the SARS-CoV-2 can
be suppressed by non-pharmaceutical inter-
ventions (NPIs) and lockdown measures.?
Because of their disruptive socioeconomic
consequences, lockdown restrictions cannot
last indefinitely.

Only a few months after the initial identi-
fication of SARS-CoV-2 pathogen, there were
more than 200 vaccine candidates in devel-
opment globally.” Results of randomised
controlled trials showed that vaccines
were efficacious in reducing symptomatic
diseases, compared with placebo.!® Between
3 December 2020 and 31 July 2021, four
vaccines against COVID-19 were approved for
emergency use in the UK, and a vaccination
programme has been started to roll out since
8 December 2020, prioritised primarily by
age and comorbidity, with older people being
vaccinated first.” By 30 July 2021, the coverage
rate of vaccination in adults aged 218 in the
UK was 88.5% for dose 1 and 72.1% for
dose 2 of COVID-19 vaccines.” Although the
number of people infected with SARS-CoV-2
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in the UK was large during June to July 2021, numbers of
hospitalised patients with COVID-19 and related deaths
had remained relatively low, partly due to the protection
of vaccines. For example, there were more than 56000
cases tested positive reported on 15 July 2021, while daily
hospital admissions of patients with COVID-19 ranged
from 593 to 836 during 15-31 July 2021, and the reported
daily deaths due to COVID-19 ranged from 39 to 92
during the same period in England.” Therefore, lock-
down restrictions in England have been mostly lifted since
19 July 2021.% Although mass vaccination is a promising
strategy to enable society to safely return to normality,
without mandatory NPIs, there is great uncertainty about
the effects of COVID-19 vaccines and society’s return to
normality, including vaccines’ long-term efficacy and
emerging new variants of SARS-CoV-2.7

There have been many mathematical modelling studies
to investigate COVID-19 dynamics and the impacts of
control measures (eg, ref 11-13). Several modelling
studies evaluated impacts of vaccines on the dynamics
and consequences of COVID-19 epidemics in the UK.'*"7
Two of these studies assessed impacts of the relaxation
of social restriction after vaccination in the UK,15 16 and
one study assessed impacts of vaccination on hospital
admissions,17 but covered a shorter time horizon and
did not consider waning of immunity. Another study of
SARS-CoV-2 vaccination in the UK focused on economic
evaluations.'” There have been some published model-
ling studies of vaccination against COVID-19 in other
countries. For example, a modelling study examined the
nationwide vaccination and returning to normal life in
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the USA, finding that vaccination alone was insufficient
and NPI measures were still required.'®

The protection of naturally acquired or vaccine-induced
immune responses may be attributable to infection
protection, disease reduction and reinfectivity reduc-
tion." Studies of diseases caused by other human coro-
naviruses (HCoVs) indicated that infection protection
immunity is likely to be short lived, while disease reduc-
tion and reinfectivity reduction are likely long lasting.”’
We are not aware of modelling studies that considered
these important immunity characteristics in the evalua-
tion of national mass vaccination programmes against
COVID-19 epidemics. Therefore, we conducted a model-
ling study to investigate possible impacts of different types
of naturally acquired and vaccine-induced immunity on
future dynamics of SARS-CoV-2 transmission in England.

METHODS

Model structure

This is a deterministic, compartmental, discrete-time
(day) population dynamic model, implemented with
computational language R.*' The population are clas-
sified into categories by sex, age (5 years age band for
age <10 years, and 10 years age band for age =10 years)
and COVID-19 infection status (figure 1). The main
infection compartments include susceptible, exposed,
infectious, recovered and vaccinated. Here, ‘exposed’
refers to a preinfectious status of infected individuals.
Infected individuals are classified as asymptomatic or
symptomatic, and symptomatic individuals are classified
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Modelling COVID-19 epidemics in England—main compartments and transitions across status. See online

supplemental files for details on definitions of transition parameters.
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as not being isolated, self-isolated and hospitalised. We
assume that hospitalised patients are effectively isolated
and no longer able to transmit the virus to the general
population, but patients who self-isolate at home may
transmit virus to household contacts. The recovered and
effectively vaccinated are protected from reinfection, but
they may be reinfected if the immunity is short lived.

Parameters and data sources

Details on the model’s structure (online supplemental
appendix figure 1), parameters, data sources (online
supplemental appendix table 1) and mathematical equa-
tions are available in online supplemental files. Initial
parameter values were estimated based on a review of
relevant literature, and key parameter estimates were
calibrated so that the simulated numbers of COVID-19
deaths, hospitalised patients and infected individuals
were as similar as possible to historically reported data
from March 2020 to June 2021 in England.*

We obtained population demographic statistics in
England from the Office for National Staltistics,23 and the
whole population is assumed to be susceptible to SARS-
CoV-2 infection at the beginning of 2020. We assume
incubation periods, infectious periods, days of hospital
stay and days of deaths after being infected to be gamma
distributed (online supplemental appendix table 1), **
Age-specific case fatality rates and hospitalisation rates of
symptomatic cases were based on a study by Verity et al®
Average sex and age-specific rates of all-cause deaths from
2015 to 2019 in England® are applied to people who
are not infected with or recovered from COVID-19. We
assumed that the number of births equals to the number
of deaths each day, and did not consider the influence of
population migration. We adjusted the number of indi-
viduals belonging to each age group at the beginning of
a year since 2021 by shifting a proportion of them to the
adjacent higher age group.

Effects of NPI measures, including restrictions on social
activities, contact tracing and testing, were materialised
by changes in transmission risk per contact between a
susceptible and an infectious individual,*® and average
numbers of contacts of the general population (online
supplemental appendix table 1). We estimate that the
transmission risk per contact between infectious and
susceptible individuals was reduced by 30%, from 0.094
before the implementation of any NPIs to 0.066 by 15
March 2020 after implementing basic NPI measures.
Because of the new virus variants,”” the average transmis-
sion risk per contact was increased to 0.077 by the end of
2020, and 0.081 since June 2021. We assume that, since
September 2021, the transmission risk per contact is 10%
higher in September, October, March and April, and 20%
higher in the winter months of November, December,
January and February, compared with the risk in summer
months from May to August.”® We do not use the repro-
duction number as an input parameter, but derived
the basic and effective reproduction numbers based on

model’s transmission parameters (equation 55 in online
supplemental files)."” *°

The sex and age-specific numbers of daily contacts per
person were based on the UK data from a study of Euro-
pean countries.” We consider only the daily contacts of
the general population and household contacts of indi-
viduals self-isolated at home. We estimated that the lock-
down measures from 24 March 2020 reduced general
population contacts by 60%-85%, although household
contacts were unchanged. The NPI measures were
relaxed or strengthened over time, which were reflected
in the assumed social contacts and transmission risk
(online supplemental files). Social contacts in England
since 19 July 2021 are returned to normal as before the
pandemic in England, although some basic hygienic
measures would be maintained.

Vaccination and projection scenarios

Vaccination of prioritised individuals began on 8
December 2020 in England.”” The Joint Committee on
Vaccination and Immunisation in the UK previously
recommended COVID-19 vaccination of individuals
aged 218, and also recommended vaccination of young
people aged 16-17 years on 4 August 2021.*' The vaccine
uptake rate in adults aged 218 was 88.5% for dose 1 and
72.1% for dose 2 by 30 July 2021,** and the coverage with
two doses was >90% in adults aged 265, 80%-90% in
those aged 50-64 and around 60% in those aged 40-49.%
In this study, the mass vaccination is modelled as an age-
based phase approach, starting from people aged 270,
followed by individuals aged 60-69, 50-59, 30-49, and
then those aged 16-29 years old. We assume that the mass
vaccination starts from 1 January 2021, and the maximum
number of individuals vaccinated daily is 180 000, to
match with numbers of vaccinated individuals according
to the official statistics. In the main analysis, we assume
that the uptake rate is 75%, 80%, 85% and 90%, respec-
tively, in adults aged 16-29, 30-39, 40-49 and =50 years.
Because of uncertain coverage of vaccination in younger
people, we conducted sensitivity analyses under scenarios
with lower coverage (60%, 70% and 80%) and higher
coverage (80%, 85% and 90%) of vaccination in people
aged 16-29, 30-39 and 40-49 years, respectively.

Both Pfizer-BioNTech and AstraZeneca vaccines are
two-dose regimens, and the policy in the UK has been
to initially provide the first dose to as many adults as
possible. Data from clinical trials indicated that the
short-term vaccine efficacy after the first dose of Pfizer-
BioNTech and AstraZeneca vaccines is about 90% and
70%, respectively.* Public Health England (PHE) in July
2021 estimated that the efficacy was 55%—-70% after the
first dose, and 70%-85% or 85%-95% after the second
dose.” In this study, we assume that the overall vaccine
efficacy is 62.5% after the first dose and 85% after the
second dose. The protection effects start 14 days after
the first dose vaccination, and the interval between the
first and second doses is 9weeks. The overall vaccine effi-
cacy after the second dose may be lower than 85.0% due
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to new variants of SARS-CoV-2. Therefore, we assume a
scenario in which the vaccine efficacy is reduced by new
viral variants to be 44.0% after the first dose and 62.5%
after the second dose during 2022-2024.

The reduction in symptomatic cases in vaccinated indi-
viduals may be due to induced antibodies in susceptible
individuals (infection protection), or a reduction in symp-
tomatic cases among infected individuals (disease reduc-
tion), or a combination of both. There are many different
possible combinations of infection protection and disease
reduction for a given overall vaccine efficacy in reducing
symptomatic cases (online supplemental appendix figure
2). We assume that vaccine efficacy for reducing symp-
tomatic cases is equally attributable to infection reduc-
tion and disease reduction in the main projections.
For vaccines with 62.5% and 85.0% overall efficacy, the
equal partial efficacy for the infection protection and for
disease reduction is 38.8% and 61.3%, respectively (see
online supplemental files for details).

Immune responses against COVID-19 infection, either
naturallyacquired from priorinfection orvaccine induced,
may reduce individuals’ susceptibility to infection (infec-
tion protection or sterilising immunity), reduce pathology
so that disease is less severe after being infected (disease
reduction immunity) and reduce infectivity of those who
are reinfected after the waning of immunity (reinfec-
tivity reduction immunity).' According to immunolog-
ical characteristics of other HCoVs, infection protection
immunity may wane after a short period, while disease
protection and reinfectivity reduction immunity are likely
longer lasting.”” For example, antibodies against SARS-
CoV-1 in recovered patients were no longer detectable
after 2-3 years, while specific memory T cells remained
detected after 11 years.” Therefore, we assume that the
disease reduction and reinfectivity reduction immunity
are long lasting (>4 years).” We assume that naturally
acquired sterilising immunity lasts for 365 or 730 days,
and vaccine-induced sterilising immunity lasts for 182
or 365 days. Available evidence indicated that the viral
loads and the duration of virus shedding in the infected
individuals after vaccination were considerably reduced,
compared with unvaccinated individuals.”* > PHE in
July 2021 estimated that the reinfectivity was reduced by
35%-50% after the first dose of vaccines,” although it is
possible that the reduction in reinfectivity may be larger
than 35%-50% after the second dose of vaccines. More
recent studies reported that fully vaccinated individuals
who were infected were between 41% and 78% less likely
to transmit the virus to unvaccinated individuals.” In this
study, we assume that reinfectivity after waning of steril-
ising immunity is reduced by 30%, 45% or 60%. We also
assume that the infectivity of ineffectively vaccinated indi-
viduals is the same as recovered individuals whose steril-
ising immunity has waned, and vaccination of individuals
recovered from natural infection boosts their naturally
acquired immunity.

We considered scenarios with different frequency of
revaccination programmes, including a single vaccination

programme, multiple (2-4) annual revaccinations and
revaccination programmes with different frequency and
time intervals. The main characteristics of the simulated
scenarios are summarised in online supplemental tables
1-3.

We run the model and calibrate key transmission
parameters by visually comparing estimated numbers of
daily COVID-19 deaths, and hospitalised patients, with
official records from 1 January 2020 to 30 June 2021 in
England.” We used estimates of transmission parameters
by the end of June 2021 to project COVID-19 deaths from
2021 to 2024, under various scenarios of vaccine efficacy,
durability and protection characteristics of naturally
acquired and vaccine-induced immunity. The number of
deaths from SARS-CoV-2 infections is the main endpoint
in this study.

Patient and public involvement

No patients and the public were involved in this litera-
ture and secondary data-based, computational modelling
study.

RESULTS

Our derived basic reproduction number (R0) was 3.68 at
the initial stage of the COVID-19 epidemic in England.
After implementing NPI and lockdown measures, the
effective reproduction value (Rt) was reduced to 0.66
after 24 March 2020. Thereafter, the Rt values fluctuated
along with changing NPI policies, and our estimated R
values were within the ranges reported in England (online
supplemental appendix figure 3).” The estimated prev-
alence of SARS-CoV-2 infection (online supplemental
appendix figure 4), the number of hospitalised patients
with COVID-19 (online supplemental appendix figure 5)
and the estimated daily deaths from COVID-19 (online
supplemental appendix figure 6) are well matched with
the reported data from March 2020 to June 2021 in
England (online supplemental files).

Vaccine efficacy, immunity durability and reinfectivity

Figure 2 shows the impacts of partial vaccine efficacy
regarding disease reduction relative to infection protec-
tion, durability of immunity and reinfectivity, given the
same overall vaccine efficacy in reducing symptomatic
cases. There are three general inferences. As expected,
the number of COVID-19 deaths is smaller following a
greater reduction in reinfectivity (figure 2A-C). Second,
a greater reduction in reinfectivity makes the durability
of immunity less influential, if a vaccine is efficacious for
infection protection (figure 2C). Third, the impacts of
partial efficacy of infection protection relative to disease
reduction by a vaccine are substantial when the duration
of immunity is short lasting. A combination of a shorter
duration of immunity and smaller reduction in the rein-
fectivity makes the disease reduction efficacy more bene-
ficial (figure 2A,B).
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Population susceptibility and GCOVID-19 outbreaks

Changes in the prevalence of susceptible individuals and
daily peaks of COVID-19 deaths in England during 2020
and 2024 are shown in figure 3, under assumptions of
85% vaccine efficacy after the second dose, 45% reduc-
tion in reinfectivity after waning of sterilising immunity
and different durations of sterilising immunity.

The overall prevalence of susceptible individuals is
reduced to around 25% by August 2021, after a single
wave of mass vaccination starting from January 2021. It
starts to increase to above 70% by December 2022, if the
duration of natural and vaccine-induced immunity is 730
and 365 days, respectively (figure 3A). The raised preva-
lence of susceptible individuals leads to an outbreak with
a high peak (n=627) of daily COVID-19 deaths in May
2023. The prevalence of the susceptible is reduced from
74% to 68% by the natural infection during the outbreak,
then slightly increases again (69%) due to waning of
immunity. After the outbreak wave in January 2024, the
prevalence of the susceptible is reduced to around 60%
(figure 3A). Two waves of repeated annual revaccination

programmes delay the new outbreak, with a peak of daily
COVID-19 deaths (n=731) in May 2024 (figure 3B). Four
repeated waves of annual revaccination programmes
almost prevent any new outbreaks before the end of 2024,
with no more than 50 daily COVID-19 deaths during
2022-2024 (figure 3C).

If the duration of natural and vaccine immunity lasts
only 365 and 182 days, respectively, the annual mass
vaccination programmes are insufficient to sustain a
constantly low prevalence of the susceptible, and the
prevalence of the susceptible fluctuates up and down
biannually (figure 3D-F). A single wave of mass vacci-
nation is followed with multiple high peaks of daily
COVID-19 deaths (figure 3D), and annual revaccination
programmes result in corresponding changes in the prev-
alence of susceptible individuals and daily COVID-19
deaths (figure 3E,F). With four annual revaccination
programmes, there are two flattened peaks of daily deaths
from COVID-19 in March 2022 (n=151) and April 2024
(n=168), respectively (figure 3F).

6 Song F, Bachmann MO. BMJ Open 2021;11:€053507. doi:10.1136/bmjopen-2021-053507
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Table 1 Projected total and daily peak COVID-19 deaths after annual vaccination programmes by 2024 in England
Long-term Immunity Total COVID-19 Daily peaks of COVID-19 deaths
vaccine efficacy Reduction in duration (day) deaths (2020-
Scenario (%) reinfectivity (%)  Natural/vaccine 2024) 2022 2023 2024
A1b4 85.0 60 730/365 127550 28 0 0
A2b4 85.0 45 730/365 134421 42 0 36
A3b4 85.0 30 730/365 152926 64 4 131
Alc4 85.0 60 365/182 148093 89 2 7
A2c4 85.0 45 365/182 194661 151 65 168
A3c4 85.0 30 365/182 229664 208 145 96
B1b4 62.5 60 730/365 143233 104 0 0
B2b4 62.5 45 730/365 179002 209 0 224
B3b4 62.5 30 730/365 233075 366 3 384
Bic4 62.5 60 365/182 198684 351 2 47
B2c4 62.5 45 365/182 350016 615 537 886
B3c4 62.5 30 365/182 430219 888 616 1362

Scenario labels are corresponding to those used in online supplemental table 1. We assume annual vaccination covers 75%-90% of
individuals aged >16 years; the short-term vaccine efficacy is 62.5% after the first dose and 85% after the second dose, and the overall
vaccine efficacy is equally attributable to the infection and disease protection. ‘Long-term vaccine efficacy’ refers to vaccine efficacy in

fully vaccinated after January 2022.

Projected COVID-19 deaths under various scenarios

The projected total numbers and daily peaks of COVID-19
deaths during 2020-2024, under all assumed scenarios,
are available in online supplemental tables 1 and 2. If
there is no waning of immunity (ie, immunity dura-
tion >4 years) and high vaccine efficacy, a single vacci-
nation programme may prevent COVID-19 outbreaks
during 2022-2024, after returning to normality (online
supplemental table 1). Otherwise, repeated vaccina-
tion programmes are required to prevent further large
outbreaks with high peaks of daily deaths from COVID-19.

Table 1 shows the results of annual vaccination
programmes under selected scenarios. With annual
revaccinations under optimistic scenarios, the cumula-
tive number of COVID-19 deaths is estimated to be from
130000 to 150000 by the end of 2024. However, the total
number of COVID-19 deaths may be up to 431000 by the
end of 2024, and the number of daily peak deaths may
be as high as around 900 in 2022, 600 in 2023 and 1400
in 2024, under scenarios with compromised long-term
vaccine efficacy (62.5%), short duration of natural and
vaccine immunity (365/182 days) and small reduction in
reinfectivity (30%) (table 1).

Results of revaccination programmes with different
frequency (from two to six revaccinations during 2021—
2024) are shown in figure 4 and online supplemental table
2. Revaccination programmes every 2years can prevent
outbreaks during 2022-2024 in a scenario with high
vaccine efficacy (85%), large reduction in reinfectivity
(60%) and long duration of immunity (730/365 days).
Under assumed scenarios, more frequent revaccinations
are associated with smaller total numbers and lower
peaks of daily deaths from COVID-19 (online supple-
mental table 2). As expected, frequent revaccinations are

particularly important when the immunity response is
short lived (figure 4A-D). For example, under scenarios
of lower long-term vaccine efficacy (62.5%), lower reduc-
tion in reinfectivity (30%) and shorter duration of immu-
nity (365/182), the projected number of total COVID-19
deaths by the end of 2024 is reduced from around 430 000
by annual revaccination programmes to around 310000
by more frequent revaccinations every 8 months (online
supplemental table 2).

Results of scenarios with lower or higher vaccination
coverage in younger adults are presented in online
supplemental table 3. As expected, lower coverage of
vaccination programmes is associated with larger number
of total COVID-19 deaths. For example, the projected
cumulative number of COVID-19 deaths by the end of
2024 is around 195 000, under a scenario (labelled as
‘A2c4’ in online supplemental table 3) of annual revac-
cination, 85% vaccine efficacy, short duration of immu-
nity (365/182 days) and 75%-90% vaccination coverage.
The number of COVID-19 deaths is reduced to around
183000 in scenario (A2c4y) with 80%-90% coverage, and
increased to around 210000 in scenario (A2c4x) with
60%—-90% coverage (online supplemental table 3).

DISCUSSIONS

Mass immunisation using efficacious vaccines may enable
society safely to return to normality. Repeated vaccina-
tion programmes are very likely to be required to prevent
further COVID-19 outbreaks, depending on vaccine effi-
cacy, the durability and characteristics of different types
of immune response to naturally acquired and vaccine-
induced immune responses. Evidence on diseases caused
by other common HCoVs indicated that the infection
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Figure 4 Results of revaccination programmes with different frequency. Vaccine efficacy is 85.0% in A/C and 62.5% in B/D,
respectively. Duration of immunity lasts 730/365 days in A/B and 365/182 days in C/D, respectively.

protection immunity may be short lived, but the disease
reduction and the reinfectivity reduction immunity are
likely to be longer lasting.*” We found that, if vaccine effi-
cacyis high (85%) and reinfectivity is greatly reduced (eg,
by 60%), repeated annual mass vaccination programmes
prevent further COVID-19 large outbreaks, even if the
vaccine-induced sterilising immunity lasts only 182 days.
Under optimistic scenarios, the cumulative number of
COVID-19 deaths during 2020-2024 in England is esti-
mated to be from 130000 to 150000. If both the natural
and vaccine immunity are short lived (365 and 180 days,
respectively), and reinfectivity is reduced only by 45% or
30%, further COVID-19 outbreaks cannot be prevented
by annual vaccination programmes. The total number of
COVID-19 deaths is estimated to be around 431000 by
the end of 2024, under a pessimistic scenario with low
long-term vaccine efficacy (62.5%), short duration of
vaccine immunity (365/182 days) and small reduction in
reinfectivity (30%) (table 1).

When natural and vaccine-induced immune response
against SARS-CoV-2 infection is short lived, more frequent
revaccinations (eg, every 8—10 months) can reduce deaths
from COVID-19, compared with less frequent or annual
revaccination programmes. However, frequent revacci-
nation may not always be feasible due to the availability
of vaccine doses, resource restrictions, organisational
complexity and possibly decreased compliance by the
public.

Compared with previous modelling studies,'*™"” our
study has considered the durability of naturally acquired
and vaccine-induced immunity, over a 5-year period
from 2020 to 2024, and compared a wider range of plau-
sible scenarios. We explicitly investigated the impacts
of different types of immune responses to SARS-CoV-2

infection and vaccines on the COVID-19 epidemic in a
country. Findings from our study will improve the under-
standing of key immunological parameters relevant to
future changes in SARS-CoV-2 transmission dynamics and
vaccination strategies.

Evidence from randomised controlled trials showed
that vaccines against SARS-CoV-2 are efficacious in
reducing symptomatic COVID-19 cases.” The reduction
in symptomatic cases in the vaccine group may be attrib-
utable to infection protection or disease reduction. Avail-
able evidence showed that vaccines reduced the risk of
SARS-CoV-2 infection in vaccinated individuals,?’8 and
household members of vaccinated healthcare workers
have a lower risk of COVID-19 infection than those of
unvaccinated.” In this study, we explored the impacts of
different proportions of a vaccine’s infection protection
efficacy and disease reduction efficacy. Different combi-
nations of the two efficacy components have impacts on
the transmission dynamics, depending on the duration of
immune response and reinfectivity after waning of steril-
ising immunity. Because of lack of data, we assumed that
vaccine efficacy is equally attributable to the infection
and disease reduction immunity.

Vaccines that are efficacious against current SARS-
CoV-2 may become less efficacious against new emerging
variants.” Therefore, we modelled a range of overall long-
term vaccine efficacy (62.5% vs 85.0%). Although the
vaccine efficacy might be reduced by new viral variants,
it is also possible that repeated vaccinations may boost
immune responses.”” We assume that there will be no
important safety issues for vaccines licensed to use. We
focused on the impacts and interactions of vaccine effi-
cacy, different types of immune response to SARS-CoV-2,
and assumed no more restrictions by NPI measures after
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return to normality in England on 19 July 2021. However,
the pessimistic scenarios in our analyses may not be
allowed to happen in the real world, as NPI (including
lockdown) measures may have to be introduced again if
the vaccination programmes are insufficient to avoid the
new outbreaks of COVID-19.

This is a deterministic simulation model, and uncer-
tainty in estimated parameters may have not been fully
accommodated. For simplicity, stochastic uncertainty,
to quantify CIs around the model’s outputs, was not
modelled. However, the model has been calibrated based
on historically observed outcome data in England, and
a large number of projection scenarios are explored to
explicitly answer ‘whatif’ questions. Although many
uncertainties remain, including durability and types of
naturally acquired and vaccine-induced immunity, our
model can be updated to assess vaccination strategies, as
new evidence emerges.

CONCLUSIONS

Under optimistic scenarios, mass immunisation using
efficacious vaccines may enable society safely to return
to normality. However, under plausible scenarios with
low vaccine efficacy and short durability of immunity,
COVID-19 could continue to cause recurrent waves of
severe morbidity and mortality despite frequent vacci-
nations, and necessitate stringent NPI restrictions. It
is crucial to monitor the vaccination effects in the real
world, and to better understand the characteristics of
naturally acquired and vaccine-induced immunity against
SARS-CoV-2.
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