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Coronavirus disease 2019 (COVID-19) booster vaccination has been implemented globally in the midst of surges
in infection due to the Delta and Omicron variants of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). The objective of the present study was to present a framework to estimate the proportion of the pop-
ulation that is immune to symptomatic SARS-CoV-2 infection with the Omicron variant (immune proportion) in
Japan, considering the waning of immunity resulting from vaccination and naturally acquired infection. We
quantified the decay rate of immunity against symptomatic infection with Omicron conferred by the second and
third doses of COVID-19 vaccine. We estimated the current and future vaccination coverage for the second and
third vaccine doses from February 17, 2021 to August 1, 2022 and used data on the confirmed COVID-19
incidence from February 17, 2021 to April 10, 2022. From this information, we estimated the age-specific im-
mune proportion over the period from February 17, 2021 to August 1, 2022. Vaccine-induced immunity,
conferred by the second vaccine dose in particular, was estimated to rapidly wane. There were substantial
variations in the estimated immune proportion by age group because each age cohort experienced different
vaccination rollout timing and speed as well as a different infection risk. Such variations collectively contributed
to heterogeneous immune landscape trajectories over time and age. The resulting prediction of the proportion of
the population that is immune to symptomatic SARS-CoV-2 infection could aid decision-making on when and for
whom another round of booster vaccination should be considered. This manuscript was submitted as part of a
theme issue on “Modelling COVID-19 and Preparedness for Future Pandemics”.

1. Introduction

At present (October 2022), more than 2 years have passed since the
World Health Organization (WHO) declared the global pandemic of
coronavirus disease 2019 (COVID-19) (Cucinotta and Vanelli, 2020),
and yet COVID-19 is still affecting our lives. Many countries initially
implemented public health and social measures, such as lockdown and
social distancing, because only non-specific countermeasures were
available, and subsequently shifted their intervention strategies to
incorporate vaccination from December 2020 (Haas et al., 2021; Hall
et al., 2021; Mathieu et al., 2021; Thompson et al., 2021). The world-
wide vaccination rollouts brought hope that the local epidemics could be
suppressed more efficiently and regional or temporal herd immunity
could be reached (Grauer et al., 2020). However, reports of break-
through infections soon appeared (Bergwerk et al., 2021; Brown et al.,
2021; CDC COVID-19 Vaccine Breakthrough Case Investigations Team,
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2021; Juthani et al., 2021), and evidence suggests that the available
vaccines have substantially lower effectiveness against the newly
emerged variants, including the Delta variant (B.1.617) and later the
Omicron variant (B.1.1.529), which quickly became the dominant var-
iants worldwide in 2021 and early 2022, respectively (Andrews et al.,
2022; Kahn et al., 2022; Loconsole et al., 2022; Lopez Bernal et al., 2021;
Madhi et al., 2022; Mohapatra et al., 2022; Seppala et al., 2021; Tseng
et al., 2022). It was also found that vaccine-induced immunity wanes
rapidly after the second and even third doses (Andrews et al., 2022;
Ferdinands et al., 2022; Tseng et al., 2022). Out of concern for the
evident waning immunity, some countries have already started offering
a fourth dose of COVID-19 vaccine to increase the level of protection
(Bar-On et al., 2022; Centers for Disease Control and Prevention (CDC),
2022; UK Health Security Agency, 2022).

Japan launched its COVID-19 vaccination campaign on February 17,
2021, mainly using the messenger (m)RNA vaccines BNT162b2 and
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mRNA-1273 (Sasanami et al., 2022a). Healthcare workers were priori-
tized as the first group to receive the vaccines. The eligible population
was then expanded on April 12, 2021 to include people aged > 65 years,
and later was further expanded to include younger members of the
population in a descending manner. Japan achieved high vaccination
coverage; overall, more than 75% of the population received the second
dose of COVID-19 vaccine, and approximately 95% of the people aged >
65 years became fully vaccinated (Fig. 1) (Digital Agency, 2022; Prime
Minister’s Office of Japan, 2022). A third dose of mRNA COVID-19
vaccine became available on December 1, 2021 to boost the immunity
among healthcare workers and people who had received the second dose
more than 6 or 7 months before. As of May 2022, Japan is considering
another round of boosters (i.e., a fourth COVID-19 vaccine dose) using
mRNA vaccines for people aged > 60 years or those who have under-
lying health conditions and received their third dose more than 5
months previously (Ministry of Health Labour and Welfare, 2022a).
Japan has experienced a substantially lower number of COVID-19
cases and deaths compared with many Western countries (Ritchie
etal., 2020). By the end of 2021, there was<5% of the cumulative risk of
confirmed COVID-19 cases, and approximately 18,000 deaths in total
had been reported as of May 16, 2022 (Ministry of Health Labour and
Welfare, 2021a). However, after the Omicron variant became dominant
in Japan, the country experienced its worst hit to date (sixth wave of the
pandemic), with a maximum daily incidence reaching approximately
100,000 confirmed cases in early February 2022 (Fig. 1) (Ministry of
Health Labour and Welfare, 2022b). This surge should have conferred
naturally acquired immunity among infected individuals. The impacts of
such natural infection-induced immunity in combination with the
intrinsic waning effects of the second and third vaccine doses have
complicated monitoring the immune landscape, and to our knowledge
there is no study thus far that regularly estimates the population-level
immunity against symptomatic infection considering these effects.
Here, we tackle the issue of reconstructing the fraction of the
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population that is immune to symptomatic SARS-CoV-2 infection over
time and age. The objective of the present study was to present a
framework that enables us to monitor the immune landscape, specif-
ically the proportion of people who are immune to symptomatic SARS-
CoV-2 infection (immune proportion), and incorporates the above-
mentioned complexities. We estimated the age-specific immune pro-
portion, which is deemed more informative as opposed to the overall
immune proportion for planning public health interventions or effective
booster campaigns for additional vaccination rounds in the future, given
the evidence of heterogeneities not only in contact patterns but also in
risk in different age groups (Antonelli et al., 2022; Jordan et al., 2020;
Lovell-Read et al., 2022). This study also accounts for the buildup and
waning of vaccine-induced immunity after boosting, which should
improve the likelihood of selecting an optimal initiation time, and the
initiation timing of a vaccination rollout is key to its success (Gavish
et al., 2022).

2. Materials and methods
2.1. Epidemiological data

2.1.1. Vaccination registry data

We obtained Vaccination Record System (VRS) data from the Min-
istry of Health, Labour and Welfare, which recorded the daily number of
vaccinees and their ages as aggregated into 5-year cohorts, for the period
from February 17, 2021 to April 10, 2022. We also obtained Vaccination
System (V-SYS) data from the website of the Prime Minister’s Office of
Japan, which recorded the daily total number of distributed COVID-19
vaccine doses (in contrast with the number of doses actually adminis-
tered) (Prime Minister’s Office of Japan, 2022).

2.1.2. Confirmed COVID-19 incidence data
We obtained two different pieces of data from the Ministry of Health,
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Fig. 1. The age-specific number of confirmed COVID-19 cases and second vaccine dose coverage in Japan from February 17, 2021 to April 10, 2022. (A-F) The black
bars show the confirmed COVID-19 incidence among people aged 20-29 (A), 30-39 (B), 40-49 (C), 50-59 (D), 60-69 (E), and > 70 (F) years. The blue line represents
the estimated second vaccine dose coverage; it should be noted that the age grouping of COVID-19 vaccination is slightly different from that of COVID-19 incidence, i.
e., aged 15-24 (A), 25-34 (B), 35-44 (C), 45-54 (D), 55-64 (E), and > 65 (F) years. The methods applied for estimating the second vaccine dose coverage are
described elsewhere (Sasanami et al., 2022b), and we estimated the coverage until March 13, 2022, when the daily proportion of the population that was newly
vaccinated in each age group became lower than 0.01% of the age-specific population and the coverage was deemed to have plateaued.
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Labour and Welfare (Ministry of Health Labour and Welfare, 2022c¢): (1)
the daily number of newly confirmed COVID-19 cases (with no infor-
mation on age), and (2) the weekly number of confirmed COVID-19
cases by sex and age. We retrieved subsets of data for the period of in-
terest, which spanned from February 17, 2021 to April 10, 2022. We
modified dataset (1) to categorize the data into six age groups (n, = 6):
20-29, 30-39, 40-49, 50-59, 60-69, and > 70 years by assuming that
the age distribution of COVID-19 cases reported in dataset (2) is constant
throughout the week. Furthermore, we assumed that the actual COVID-
19 incidence (i.e., including unconfirmed cases) was four times higher
than the number reported in dataset (1) (Sanada et al., 2022). Hence-
forth, “age group” refers to the abovementioned six age categories.

2.1.3. Vaccine effectiveness data

We used published data on the vaccine effectiveness of BNT162b2
against symptomatic infection with Delta and Omicron variants, esti-
mated in a test-negative case—control study conducted in England
(Andrews et al., 2022). The study provides estimates for the second and
third vaccine dose over time since vaccination, showing the evidence of
waning protection levels.

2.1.4. Statistics for the Japanese population

We obtained statistics for the Japanese population, including age-
specific and prefecture-specific populations, from the Portal Site of the
Official Statistics of Japan (Ministry of Internal Affairs and Communi-
cations, 2022).

2.2. Modelling the protected fraction of the population

2.2.1. Quantifying waning vaccine effectivenes

To describe the waning immunity against infectious diseases
including COVID-19, various decay functions have been employed in
published modelling studies (Feng et al., 2022; Hogan et al., 2021;
Khoury et al., 2021; Nishiura et al., 2006), but there is no general
consensus or evidence that suggests the most plausible model to be used.
We therefore employed the simplest, exponential function to model the
decaying vaccine effectiveness against symptomatic infection with the
Omicron variant induced by the second and third vaccine doses as
follows:

5(t) = me™" (€)]

where §(7) represents the vaccine effectiveness at 7 days after the second
or third vaccine dose; m represents the maximum vaccine effectiveness
against symptomatic infection with Omicron, and y regulates the speed
of decay for immunity among vaccinees. Note that the spike in effec-
tiveness shortly after receiving a dose of vaccine is omitted, and thus,
&(r) is a decreasing function.

We estimated the parameters m and y by fitting the exponential
function to the data from a published study that reports vaccine effec-
tiveness estimates against symptomatic infection with the Omicron
variant, via the maximum likelihood method assuming Gaussian
distributed errors, as a function of time since immunization (Andrews
et al., 2022). From the published study, we specifically retrieved esti-
mates for the effectiveness of BNT162b2, which the vast majority of the
Japanese population received (Prime Minister’s Office of Japan, 2022).
We obtained 95% confidence intervals (CIs) via the parametric boot-
strapping method. Furthermore, we assumed that infection-induced
immunity wanes in a manner identical to that of the effectiveness of
the third vaccine dose, although it was assumed to confer perfect pro-
tection immediately after infection (m = 1).

2.2.2. Estimating age-specific vaccination coverage for the second and third
doses

We estimated age-specific second and third vaccine dose coverage,
by conducting all the computations shown below for each of the
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aforementioned age cohorts (i.e., the age-specific vaccination coverage
was used for the following calculations). Because more than 98% of
people in Japan who were vaccinated with the first dose received the
second dose (Prime Minister’s Office of Japan, 2022), here, we consid-
ered the effectiveness conferred from the second and third doses only.

2.2.2.1. Estimating second vaccine dose coverage. We calculated the up-
take of the second vaccine dose, mainly using VRS data, while ac-
counting for the reporting delay in the data. We also employed V-SYS
data to complement the missing parts of the VRS data. A detailed
explanation of this approach is provided elsewhere (Sasanami et al.,
2022b).

2.2.2.2. Estimating third vaccine dose coverage. To address the right
truncation of the observed vaccination coverage, we fitted a logistic
function to the third vaccine dose coverage data to estimate time-
dependent coverage until April 10, 2022 and to predict it through
August 1, 2022:

L

= 1+ e—k(t=xo) (2)

o(t)
where o(t) represents the vaccination coverage at calendar time t, which
is the elapsed time since the start of the booster vaccination campaign (i.
e., December 1, 2021); k represents the speed of increase in the vacci-
nation coverage; L is the eventual booster vaccination coverage; and xo
represents the duration required for the coverage to reach 50% of its
maximum (L). For the age groups 20-29 years, 30-39 years, and 40-49
years, we fixed L to be identical to the vaccination coverage for the
second dose in each age group reported by the Prime Minister’s Office of
Japan as of April 11, 2022 (Prime Minister’s Office of Japan, 2022), i.e.,
80.0%, 79.9%, and 83.0%, respectively. We fixed these values because
there were still too few people vaccinated to estimate all three param-
eters (i.e., k, L, and x,) for these age cohorts. By contrast, for the older
age groups of 50-59 years, 60-69 years, and > 70 years, all the pa-
rameters were estimated from empirical data. The abovementioned
maximum likelihood estimation was performed on these vaccine rollout
data.

2.2.3. Estimating the immune proportion

We estimated the age-specific immune proportion, accounting for
waning vaccine effectiveness following the second and third vaccine
doses and infection-induced immunity.

First, we expressed the population who obtained immunity from
vaccination or infection as follows:

0 0). .
(a + a)]we(l‘ﬁ 8) = —Buype ($)inpe (1, 5)

j"ype(t7 0) = /‘[lyp('(t)

3

where type indicates either the second or third vaccine dose or natural
infection; A(t) represents the number of people who newly received a
vaccine dose or were infected at calendar time t (as described in
2.2.2.1-2. and 2.1.2); jype(t, s) is the number of immune populations at
time t who were vaccinated or infected s days ago; and §( e ) is the im-
mune decay function estimated in subsection 2.1. Integration over the
characteristic line gives the solution of the McKendrick equation (3), i.e.,

Jope(t,8) = Aype(t — s)exp( - / Siype (x)dx) ()]
0
for t > s. Therefore, the total immune population at time t, J(t) is:

00 Wy
Io) = [ Arypeofy)exp(— / @W(x)dx)dy

We then computed the immune proportion by summing the number
of people who were immune owing to vaccination and infection:
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Jtoml(t) = (Jsecoud(t) + jrhird ([) + Jinfr(‘!iou (t)) /P (6)

where the summation in the right-hand side of the equation computes
the number of persons who are immune owing to the second or third
vaccine dose or infection, and we converted this value into a fraction by
dividing it by the age-specific population size, denoted as P. It should be
noted that here we made the assumption that people who had lost im-
munity from their second vaccine dose regained immunity from booster
vaccination or natural infection. In other words, under this assumption,
the people who remained immune to symptomatic infection after their
second vaccine dose had not yet received a third vaccine dose or been
infected. This assumption enabled the simple summation in equation (6)
and was deemed reasonable given the rapidity of the waning protection
against the Omicron variant provided by the second vaccine dose and
Japan’s vaccination scheme in which people generally became eligible
for booster vaccination 6 or 7 months after receiving their second vac-
cine dose. The CIs for the estimated immune proportion were computed
using the two sets of 1,000-parameter samples gained from the estima-
tion of waning immunity from the second and third vaccine doses.

Furthermore, we conducted sensitivity analyses in which three
different scenarios were assumed. Because, to our knowledge, there is no
established evidence regarding the waning rate of immunity from nat-
ural infection, the first two sensitivity analyses examined the impacts of
different decay rates for infection-induced immunity. We assumed that
the waning speed was: i) identical to that from the second vaccine dose;
or ii) dependent on the dominant SARS-CoV-2 variant in circulation. For
assumption ii), we applied the decay rate for the second and third vac-
cine doses to infection that occurred during the Delta- (until 31
December 2021) and Omicron- (1 January 2022 onward) dominant
periods, respectively (Ministry of Health Labour and Welfare, 2021b).
The third sensitivity analysis explored the scenario in which neither
emergence of the Omicron variant nor a booster vaccination campaign
had occurred. For this analysis, we first estimated the time-dependent
vaccine effectiveness from the second vaccine dose against symptom-
atic infection with Delta, based on data from a published study (Andrews
et al., 2022), and then computed the immune proportion using the same
methods described above. The results of the sensitivity analyses are
documented in the Supplementary material (https://github.com/nishiu
rah/immunelandscape).

2.3. Validation

To assess the validity of our estimates, we conducted a real-time
analysis, investigating if there is an association between the epidemic
dynamics and the immune proportion using prefecture-level data.

2.3.1. COVID-19 incidence trend in each prefecture

We collected data on the incidence of SARS-CoV-2 infection in each
prefecture from the Japan Broadcasting Corporation (Nippon Hoso
Kyokai; NHK) website (NHK, 2022). As a snapshot evaluation for the
purposes of this study, we used data from February 7 to April 10, 2022,
when the sixth wave of COVID-19 hit Japan, and calculated the
prefecture-specific risk of infection per 100,000 people and then fitted it
to a simple exponential growth model. If the estimated growth rate was
positive, the prefecture was considered to have an increasing risk of
infection, whereas if negative, it was deemed that the prefecture had a
decreasing risk. The prefectures for which the estimated coefficient was
not statistically significantly different from 0 (@ = 0.05) were removed
from the analysis.

2.3.2. Estimating the prefecture-specific immune proportion

We applied the aforementioned method of computing the immune
landscape to estimate the prefecture-specific immune proportion from
symptomatic illness. Because of the limited data availability, this anal-
ysis specifically considered the immunity gained from the third vaccine
dose alone. We did not account for the second dose because of its small
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impact on preventing symptomatic infection from Omicron around the
time period of interest and also because of the waning effect of infection-
acquired immunity, which was assumed to be negligible given the short
time period of interest.

2.3.3. Comparison of the mean immune proportions according to the risk
trend

Subsequently, we conducted the Wilcoxon rank sum test to compare
the mean prefecture-specific immune proportion on April 10, 2022 ac-
cording to the upward or downward risk trend.

All analyses were conducted in R (version 4.2.0), and the data and
codes are provided in the Supplementary files (https://github.com/nish
iurah/immunelandscape). Note that vaccination data used here are
provided in a publicly available form (downloaded from the website of
the Prime Minister’s Office of Japan [Prime Minister’s Office of Japan,
2022]).

3. Results

Fig. 1 shows the second vaccine dose coverage and the total number
of confirmed SARS-CoV-2 infections during the period from February
17,2021 to April 10, 2022. The rate at which vaccination was conducted
exceeded 1 million doses per day during the second dose program, this
was set as the goal for the third vaccine dose campaign as well, and the
goal was achieved in early March 2022.

The most up-to-date coverage and the predicted booster vaccination
coverage by age group are shown in Fig. 2. The coverage started pla-
teauing in the older age groups (specifically, the 60-69 and > 70-year-
old groups) at the time when our analysis was conducted. By contrast, it
was estimated that it will take approximately another 4 months for the
younger age groups to reach the maximum possible coverage if the
vaccination speed remains the same.

The estimated waning vaccine effectiveness against symptomatic
infection with the Omicron variant over time is shown in Fig. 3. The
parameters in the immune decay function m (i.e., the maximum vaccine
effectiveness) and y (i.e., the waning rate of vaccine effectiveness) were
estimated to be 0.93 (95% CI: 0.90-0.96) and 0.014 (95% CI:
0.014-0.015) for the second vaccine dose and 0.70 (95% CI: 0.70-0.71)
and 0.0050 (95% CI: 0.0050-0.0055) for the third vaccine dose,
respectively. The half-life of vaccine effectiveness was 50 days and 139
days for the second and third vaccine doses, respectively.

The estimated immune landscape notably varied by age group over
the course of time (Fig. 4 and Table 1). The surge in COVID-19 cases
substantially contributed to conferring immunity to the younger subset
of the population. Such effects were most evident among those aged
20-29 years; by April 10, 2022, 21.0% (95% CI: 20.6-21.4) of this
population was estimated to have acquired immunity solely from
vaccination, but the addition of those who gained immunity from nat-
ural infection brought this value up to 44.4% (95% CI: 44.0-44.8).
Incorporating infection-induced immunity, the immune proportion in
this age group was predicted to be 52.3% (95% CI: 51.9-52.7) and
47.7% (95% CI: 47.1-48.4) on June 1 and August 1, 2022, respectively.
The 30-39 and 40-49-year-old cohorts followed similar trends. By
contrast, the immune proportions of the three older age groups were less
impacted by infection. Among people aged > 70 years, 48.6% (95% CL:
48.1-49.1) were estimated to have acquired immunity solely from
vaccination, whereas the overall immune proportion (accounting for the
effects of both vaccination and infection) in this group was 53.0% (95%
CI: 52.5-53.5). As of April 10, 2022, a reduction in the immune pro-
portion was already apparent, and the immune proportion was esti-
mated to decline to 28.9% (95% CI: 27.9-30.0) by the summer of 2022.

A snapshot of the predicted immune landscape on April 10 (present
time), June 1, and August 1, 2022 is presented in Fig. 5. As indicated in
Fig. 4, the susceptible proportion in the three younger age groups was
estimated to decrease over the 4 months following April 10. However, it
was estimated that there will be a considerable increase in the
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susceptible population among the older age groups. The specific values
are listed in Table 1.

While abovementioned results dealt nationwide data as a single
group, independent estimate of immune fraction was also obtained for
each prefecture. Fig. 6 shows the prefecture-specific immune pro-
portions grouped by epidemiological dynamics (i.e., by increasing or
decreasing trend). The difference in the immune fraction against
symptomatic infection between the two groups was 4.12% (95% CL:

1.39-7.64), indicating that the prefectures that had higher estimated
immune proportions tended to be in the decreasing risk phase.

4. Discussion
The present study presents the COVID-19 immune landscape in

Japan, accounting for waning immunity from vaccination and natural
infection. We quantified the decay rate of vaccine-induced protection
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Fig. 4. Age-specific proportion of the population immune to symptomatic SARS-CoV-2 infection from February 17, 2021 to August 1, 2022. (A—F) The lines show the
time-dependent proportion of people immune to symptomatic SARS-CoV-2 infection among those aged from 20 to 29 (A), 30-39 (B), 4049 (C), 50-59 (D), 60-69
(E), and > 70 (F) years, and the shaded areas are their 95% confidence intervals (CIs), computed via the bootstrapping method. The red lines reflect the scenarios in
which the immunity from natural infection as well as the immunity from the second and third vaccine doses are considered, whereas the light blue lines reflect the
scenarios in which only the immunity from the second and third vaccine doses is taken into account. The projection was performed on April 10, 2022, and the
estimates afterward are from a model-based projection.

Table 1

Age-specific proportion of the population susceptible to symptomatic SARS-CoV-2 infection on April 10, June 1, and August 1, 2022. The values in V and V + I
represent the proportion of the population that is susceptible to symptomatic infection with the Omicron variant, considering immunity solely from vaccination (V) and
immunity from both vaccination and natural infection (V + I), respectively. The projection was performed on April 10, 2022, and the estimates afterward are from a

model-based projection. Numbers in parentheses show the 95% confidence intervals (CIs) as computed by the parametric bootstrap method.

2022/4/10 2022/6/1 2022/8/1

Age group V (95% CI) V +1(95% CI) V (95% CI) V +1(95% CI) V (95% CI) V +1(95% CI)

20-29 79.0 (78.6-79.4) 55.6 (55.2-56.0) 65.7 (65.3-66.1) 47.7 (47.3-48.1) 65.5 (64.9-66.2) 52.3 (51.6-52.9)
30-39 78.9 (78.5-79.2) 59.7 (59.3-60.1) 65.9 (65.5-66.3) 51.2 (50.8-51.6) 66.0 (65.4-66.7) 55.2 (54.5-55.9)
40-49 73.8 (73.4-74.1) 59.2 (58.8-59.6) 60.5 (60.1-61.0) 49.3 (48.9-49.8) 65.6 (64.9-66.4) 57.4 (56.6-58.2)
50-59 63.7 (63.2-64.1) 53.9 (53.5-54.3) 63.2 (62.7-63.8) 55.7 (55.2-56.3) 73.2 (72.4-74.0) 57.7 (57.3-58.9)
60-69 54.9 (54.5-55.4) 49.4 (48.9-49.9) 64.8 (64.2-65.5) 60.5 (59.9-61.3) 74.9 (74.0-75.8) 68.2 (66.8-68.5)
>70 51.4 (50.9-51.9) 47.0 (46.5-47.5) 63.3 (62.4-64.1) 59.8 (59.0-60.7) 73.6 (72.5-74.6) 71.1 (70.0-72.1)

against symptomatic infection, showing the dramatically rapid decrease
in immunity against the Omicron variant among those who received
only the second vaccine dose. As such, our results show that the esti-
mated immune proportion has substantially declined over time since
vaccination coverage plateaued. As expected, the immune proportion
was boosted following the third vaccine rollout, although it was esti-
mated that some older age groups have already begun experiencing a
decrease in their booster dose-induced immunity. The recent surge in
infection, caused by the Omicron variant in particular, contributed to a
considerable increase in the immune proportion among young age
groups compared with the older population. Our results predict that by
August 2022, there will be a substantial increase in the susceptible
proportion among the older age groups. Lastly, we showed that the

estimated immune proportion was associated with the infection risk
trend by comparing the growth trend by prefecture in Japan, as a simple
validation of our overall analysis framework. Although previous studies
have quantified waning immunity against infectious diseases (Feng
et al., 2022; Hogan et al., 2021; Khoury et al., 2021; Nishiura et al.,
2006), to our knowledge, this is the first study to report estimates of the
immune proportion at the population-level.

We provide a framework that allows for estimation of the proportion
of people that are immune to symptomatic SARS-CoV-2 infection in real
time, accounting for prior immunity waning in the midst of expanding
booster vaccination and a surge in infection. The half-life of the effec-
tiveness of the second vaccine dose was estimated to be substantially
shorter than that of the third dose and this dropped to < 10% in 6
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Fig. 6. The prefecture-specific immune proportion according to the trend of
infection with SARS-CoV-2. The box-plot shows the estimated immune pro-
portion on April 10, 2022 among the prefectures that had decreasing and
increasing risks of infection on the left and right, respectively, from February 7
to April 10, 2022. Each dot represents the estimated fraction immune in a single
prefecture, and there are in total 47 prefectures in Japan. Grouping each pre-
fecture as decreasing or increasing in its incidence was judged by the growth
rate of incidence as on April 10, 2022 taking negative or positive values,
respectively. The lines inside the box represent the median, and lower and
upper box boundaries are the first and third quantiles, respectively. The
whiskers indicate 1.5x the interquartile range from the first and third quantiles.

months. This supports the decision made by many countries to
encourage people to get a booster dose within no more than 6 months
after receiving their second vaccine dose. The estimated rollout rate and
goal (plateaued value) of booster vaccination coverage allowed us to
estimate the current immune landscape in real time and to project the

future trajectory. Such estimations could be particularly useful for
countries in which the booster vaccine rollout has just begun. To deal
with the great uncertainty regarding the effectiveness of infection-
induced immunity, we examined different scenarios regarding the
waning rate of infection-induced immunity. The results showed that
different immunity decay rates could provide notably different immune
landscapes over time. It was suggested that if the infection-induced
immunity decays rapidly in the same manner as the second vaccine
dose-induced immunity, the past surge in infection will not necessarily
contribute to a substantial long-term gain in the immune proportion (see
Supplementary material).

It was vital to account for the age group when estimating and pro-
jecting the trajectory of the immune landscape. Each age cohort expe-
rienced different vaccination coverage timings, rollout rates, and goals
(plateaued values), as well as different risks of natural infection with
SARS-CoV-2, and these factors collectively contributed to substantial
variations in the age-specific immune proportion. The older age groups
received a second vaccine dose earlier, and the vaccination coverage
increased more quickly in these age groups compared with the younger
age groups. They experienced many fewer cases of infection and thus
had lower proportions of individuals who acquired immunity from
infection, perhaps owing to risk awareness and more cautious behaviors
among the individuals in these age groups, in response to the finding
that older people are at greater risk of complications and death
compared with younger individuals. These factors contributed to a more
rapid increase in the immune proportion in the older age groups but also
to a subsequent dramatic decrease. It was predicted that the immune
fraction could decline to a low level of < 30% among people aged > 70
years by the summer of 2022. Given that they were at higher risk of
severe outcomes, the older generation were considered to be the priority
in the next round of the booster vaccination campaign, and indeed, the
government of Japan implemented fourth dose booster vaccinations for
the older population and for those with underlying comorbidities. By
contrast, although the younger population had lower vaccination
coverage, a steep upsurge in COVID-19 incidence was observed,
resulting in a higher immune fraction compared with the older popu-
lation. Understanding the age-specific immune landscape could aid
decision-making regarding the commencement timing and target age
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groups of future vaccination campaigns, while providing valuable in-
sights into the COVID-19 transmission dynamics in a country.

There are some limitations in the present study. First, we did not
consider the immune protection against severe illness and death, or the
potentially different levels of immune response and decay rates of im-
munity according to age group because of a serious shortage of accu-
mulated evidence regarding the effectiveness of this induced immunity
and its duration against the Omicron variant, especially the variants-of-
concern that emerged from the Omicron group (e.g., BA.4 and BA.5).
Statistical estimation in this regard would be helpful, particularly when
the main aim of booster vaccination is to prevent these outcomes (i.e.,
severe disease or death). Second, we imposed an assumption that the
actual COVID-19 incidence is four times higher than the number of re-
ported cases. Although this estimate rests on a published statistical es-
timate, the figure could be biased because the ascertainment rate can be
expected to vary over time owing to the epidemic situation. For
example, the ascertainment rate could depend on the testing and contact
tracing capacity and the healthcare-seeking behaviors among the public
(Sen et al., 2021); thus, the bias could have been elevated by a surge of
cases with the Omicron variant. Third, although we estimated the future
vaccination coverage and used these estimates to predict the immune
proportions over the next 4 months, we did not make such predictions
for infection-induced immunity, and thus, the fraction of the population
that has immunity from naturally acquired infections should be deemed
the minimum bound. The time-dependent proportion of individuals with
infection-induced immunity reflects the number of individuals who
were infected with SARS-CoV-2 at the time the analysis was conducted;
if a substantial number of infections occur in the future, it could provide
a very different immune landscape. Lastly, the lack of evidence limited
our study as we did not consider those who gained immunity from both
previous infections and following vaccinations, which recently appears
to confer a greater neutralizing response than those who were immu-
nized by a natural infection alone or vaccination alone.

Despite the limitations described above, the present study provides a
simple and easily tractable framework that enables an estimation of the
proportion of the population that was immune to symptomatic SARS-
CoV-2 infection during the time that the booster vaccination coverage
was rapidly increasing and the country was experiencing a surge of
infection with the Omicron variant. In the future, the estimated decay
rate of immunity and the projected age-specific immune proportions will
aid our understanding of the possible risk groups and heterogeneous
transmission dynamics of COVID-19 as well as our decision-making
regarding when a rollout of booster vaccination should commence and
the target population.
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