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Abstract: With continuing emergence of new SARS-CoV-2 variants, understanding the proportion
of the population protected against infection is crucial for public health risk assessment and
decision-making and so that the general public can take preventive measures. We aimed to estimate
the protection against symptomatic illness caused by SARS-CoV-2 Omicron variants BA.4 and BA.5
elicited by vaccination against and natural infection with other SARS-CoV-2 Omicron subvariants.
We used a logistic model to define the protection rate against symptomatic infection caused by BA.1
and BA.2 as a function of neutralizing antibody titer values. Applying the quantified relationships to
BA.4 and BA.5 using two different methods, the estimated protection rate against BA.4 and BA.5
was 11.3% (95% confidence interval [CI]: 0.01-25.4) (method 1) and 12.9% (95% CI: 8.8-18.0)
(method 2) at 6 months after a second dose of BNT162b2 vaccine, 44.3% (95% CI: 20.0-59.3)
(method 1) and 47.3% (95% ClI: 34.1-60.6) (method 2) at 2 weeks after a third BNT162b2 dose, and
52.3% (95% CI: 25.1-69.2) (method 1) and 54.9% (95% CI: 37.6-71.4) (method 2) during the
convalescent phase after infection with BA.1 and BA.2, respectively. Our study indicates that the
protection rate against BA.4 and BA.5 are significantly lower compared with those against previous
variants and may lead to substantial morbidity, and overall estimates were consistent with empirical
reports. Our simple yet practical models enable prompt assessment of public health impacts posed by
new SARS-CoV-2 variants using small sample-size neutralization titer data to support public health
decisions in urgent situations.
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1. Introduction

Since the original SARS-CoV-2 strain emerged in Wuhan, China during 2019 [1], the world has
experienced a heavy burden owing to morbidity and mortality caused by variants of SARS-CoV-2.
The route of SARS-CoV-2 transmission has been of interest since the emergence of this virus. It is
now thought that transmission mainly occurs via direct human-to-human contact, although a role of
indirect transmission via virus-contaminated surfaces is also reported in published studies [2,3]. In
addition to the mode of contact that causes transmission, it is known that host factors, socioeconomic
factors, and environmental factors also play key roles, contributing to transmission, and some of
these factors may serve as targets of countermeasures against SARS-CoV-2 [4-7].

Mathematical and statistical models in epidemiology are recognized as powerful tools that can
provide the basis for decision-making in public health settings, including optimization of vaccination
strategies at both national and global levels [8-18]. However, the validity of models is always a
concern, and determining the likely range of parameters used in the models are of crucial importance
to improve model validity [19]. A key parameter is the rate of protection conferred by past infection
or vaccination, as this strongly affects the host susceptibility to infection with SARS-CoV-2. In the
era of COVID-19, updating the immune profile estimates whenever a new variant emerges is
especially important because substantial mutations of SARS-CoV-2 that substantially change the
characteristics of the virus are frequently introduced. Even before emergence of the Omicron variants,
reports showed that neutralization titers and protection provided by vaccination or past natural
infection (and their rate of decay) differ among variants. [20-26] Since emergence of the Omicron
strains, immune escape is gaining attention, with reports of significant impairment of neutralization
titers and vaccine effectiveness against Omicron subvariants BA.1 and BA.2 in comparison with
previous strains, such as the Delta variant. [27,28] Although published studies suggest that booster
MRNA vaccines offer extra protection against BA.1 and BA.2 [27,29], no studies to date have
explicitly shown the relationship between neutralizing titers and the protection rate against Omicron
subvariants BA.1 and BA.2.

At the time of this writing, many countries worldwide, including Japan are facing a rapid
increase in the number of COVID-19 cases owing to SARS-CoV-2 Omicron subvariants BA.4 and
BA.5. Recent in vitro and in silico studies suggest that BA.4 and BA.5 are even more evasive than
BA.1 or BA.2 against humoral immunity induced by vaccines or previous infection with the BA.1
and BA.2 strains [30-35]. However, real-world links between neutralization titers and the protection
rate against BA.4 and BA.5 variants have not yet been established. One approach to obtaining
reasonable estimates of the protection rate against BA.4 and BA.5 with no information on the
titer—protection relationship is to assume that this relationship in BA.4 and BA.5 is comparable to
that in BA.1 and BA.2. Under this assumption, we estimated the rate of protection against BA.4 and
BA.5 using neutralizing titer data from a recent study[30].

An established method to model the relationship between neutralizing titers and vaccine
effectiveness is to use a logistic formula, which has been used not only for COVID-19 but also for
vaccine effectiveness studies of influenza and pertussis. [24,36,37] Following previous studies, we
used the following logistic formula to model the vaccine-induced protection against COVID-19:

1
1+exp (—k(n—nsg))

1)

Protection rate f(n|nsgy, k) =
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where n is the neutralizing titer value in decimal logarithm, ng, is the decimal logarithm of the
neutralizing titer value providing a 50% protection rate, and k is a parameter determining the slope
of the logistic curve. Determining the titer—protection relationship by determining the parameters in
Eq (1) using neutralization titer and vaccine effectiveness data for BA.1 and BA.2, we propose a
practical framework to estimate the unknown titer—protection relationship for BA.4 and BA.5. In this
study, we also aimed to estimate the protection rate against BA.4 and BA.5 over time after
immunizing events such as a third BNT162b2 dose or natural infection with BA.1 or BA.2, assuming
the decay rate is equivalent to that estimated from a previous vaccine effectiveness study of Omicron
subvariants BA.1 and BA.2 [27].

2. Materials and methods

The data used in our study were the neutralization antibody titer data from a study by
Hachmann et al. [30] and vaccine effectiveness data in Andrews et al. [27]. In Hachmann et al. [30],
specimens obtained from individuals who received a SARS-CoV-2 vaccine or had a history of
SARS-CoV-2 infection underwent pseudovirus neutralizing antibody assay; the titer data for this
study were provided by Hachmann and colleagues. Andrews et al. [27] used a test-negative
case—control design to estimate vaccine effectiveness against symptomatic disease caused by the
Omicron and Delta (B.1.617.2) variants in the United Kingdom.

Assuming that the decimal logarithm of neutralization antibody titer log10(titer) provided by
Hachmann and colleagues [30] is normally distributed [24] with truncation owing to technical
measurement limits, we used a Gaussian distribution to describe the empirical data (see the appendix
for a histogram showing the distribution of the original titer data [30]) For simplicity and based on
the fact that the immunogenic profiles of BA.1 and BA.2 are quite similar [38], titer values against
BA.1 and BA.2 were dealt with as a single group. We grouped titers of BA.4 and BA.5 in the same
manner. The distribution of titers at 6 months after a second dose of BNT162b2 vaccine, 2 weeks after
a third BNT162b2 dose (nearly all individuals received two or three doses of MRNA vaccine, mainly
BNT162b2), and during the convalescent period after BA.1 and 2 infection, are described as follows:

Npga1.2(t) = logl0 (titerBA.l,Z(t)> ~N (#BA.l,z (t), UBA.1,2(t)) 2)

Npaas(t) =logl0 (titerBAA,S(t)) ~N (:uBAA,S(t)r UBA.4,5(t)) (3)

where t = 6 months after a second vaccine dose, 2 weeks after a third vaccine dose, and post
infection; N(a, b) stands for a normal distribution with mean a and standard deviation b. From the
distribution above, 1000 titer values were randomly drawn for the following analysis.

The neutralization titer data from Hachmann et al. [30] modeled as mentioned above were then
matched to the vaccine effectiveness data from Andrews et al. [27] using the bootstrap method.
Andrews et al. [27] reported the mean and 95% confidence interval (CI) of vaccine effectiveness
against symptomatic infection at 2-4 weeks, 5-9 weeks, 10-14 weeks, 15-19 weeks, 20-24 weeks,
and > 24 weeks after a second BNT162b2 dose. The vaccine effectiveness following a third (booster)
dose of BNT162b2 was provided in the same manner. Assuming that the vaccine effectiveness values
are normally distributed in each of these periods [27], we randomly sampled 1000 values of vaccine
effectiveness at 20-24 weeks after the second BNT162b2 dose, and vaccine effectiveness at 2—4
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weeks after the third BNT162b2 dose from the following distributions:
VE20—24 weeks after 2nd dose N(0-115' 0-0071) (4)
VE; weeks after 3rd doses ~ N(0-672’ 0-0033) (5)

where VE is vaccine effectiveness (the mean and stand deviation in Egs (4) and (5) were derived
from the CI of VE in Andrews et al. [27]). To link the vaccine effectiveness data and titer values, we
assumed the abovementioned relationship described in Eq (1).

Estimation of the parameters (nsg, k) that determine the logistic formula was performed using
two different methods. In the first method, we fitted the logistic formula to 1000 pairs of points,

(n2(0), ve, (D), (ns (@), ves (1)), i =1,2,3,..,1000 (6)

sampled from distributions described in Eqs (2)—(5) above. Fori =1, 2, ..., 1000, Eq (1) was fitted to
each pair of Eq (6), minimizing the sum of squared errors S(ngg, k):

S(nse, k) = Zilggo(vez(i) — f(na (D] nso, k))z + 21'1220(7733(1') — f(n3(i)| nso, k))z (7)

thereby obtaining a pair of parameters (s, k). We repeated this procedure 1000 times to obtain
1000 pairs of (s, k).

In the second method, 1000 pairs of points were randomly obtained as shown in Eq (6), but for
each ve,(i) and ves(i), i=1, 2, 3, ..., 1000, we assumed that a random “success” (protected) or
“failure” (infected) binomial outcome y exists:

y;(i) ~ Bernoulli ( prob = ve; (i))

j=2o0r3, i=1,2,..,1000

Then, by finding (ngo, k) that maximizes the likelihood of this simulated observation
1-y;(D

, 10} ,
L(nso, k) = T2, T £ (1) mso, k)™ x (1= F(m(@)| mso, k),
we obtained (75, k). By repeating this procedure 1000 times, 1000 pairs of (ﬁa) k ) were obtained.

Hereafter, we assumed that the relationships described by the logistic curves obtained as above
were also valid for quantifying the protection rate against BA.4 and BA.5. To obtain the distribution
of protection rates at 6 months after the second BNT162b2 dose, 2 weeks after the third BNT162b2
dose, and soon after natural infection, we randomly sampled 10,000 titer values from Eq (3). Then,
for each titer value, a logistic formula defined by a randomly selected pair of parameters (nsg, k)
was assigned and the protection rate was obtained using this formula. Thus, we obtained 10,000
values for the protection rate against BA.4 and BA.5 at 6 months after the second BNT162b2 dose, 2
weeks after the third BNT162b2 dose, and during the convalescent period after BA.1 and BA.2 infection.

Next, to obtain estimates of the protection rate against BA.4 and BA.5 over time, we first fitted
the randomly sampled data in the same manner as in Eqgs (4) and (5) for all time points post
vaccination in Andrews et al. [27] in the exponential decay model of vaccine effectiveness [39-41]:

VE =m Xe Yt
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where t is the time after vaccination. We assumed that the post-vaccination time points in Andrews
et al. [27] were 24 days (median 2—4 weeks), 52 days (5-9 weeks), 87 days (10-14 weeks), 122 days
(15-19 weeks), 157 days (20—24 weeks) and 175 days ( > 24 weeks) for the second BNT162b2 dose;
in the same manner, we assumed the time points post-third BNT162b2 vaccination to be 4 days, 18
days, 46 days, and 81 days. By fitting this model to 1000 randomly generated data sets, we obtained
1000 pairs of parameters (m,y).

Next, we assumed that the parameter y, which determines the rate of decay for vaccine
effectiveness or the protection rate, was comparable between BA.1 or BA.2 and BA.4 or BA5.
Under this assumption, we obtained the trajectory of the protection rate against BA.4 and BA.5 following
two doses of BNT162b2, three doses of BNT162b2, and natural infection caused by BA.1 and BA.2.

All statistical and numerical analyses were performed using R version 4.1.2 (The R Project for
Statistical Computing, Vienna, Austria).

3. Results

Figure 1 shows the original data of neutralizing titer values and the distributions of randomly
sampled titer values from the truncated normal distribution fitted to the original data.
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Figure 1. Distributions of random samples from the normal distribution fitted to each
original dataset (right side of each panel) as histograms. (A) BA.1 and BA.2 at 6 months
after second BNT162b2 dose; (B) BA.4 and BA.5 at 6 months after second BNT162b2
dose; (C) BA.1 and BA.2 at 2 weeks after third BNT162b2 dose; (D) BA.4 and BA.5 at 2
weeks after third BNT162b2 dose; (E) BA.1 and BA.2 during convalescent period after
BA.1 and BA.2 natural infection; and (F) BA.4 and BA.5 during convalescent period
after BA.1 and BA.2 natural infection.
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Fitting of the logistic formula in Eq (1) was done using the two methods described in the
Methods; the logistic curve with 95% CI given by the 1000 sets of parameters (ngg, k) is shown in
Figure 2.

titer-protection relationship curve with 95% Cls

80

ent Protected (%)

20

log10(titer)

Figure 2. Relationship between percent protected against BA.1 and BA.2 symptomatic
infection and neutralizing titer (in decimal logarithm). Brown lines represent the curves
obtained using method 1, and blue lines represent those obtained using method 2. The
solid line shows the median estimate, and dashed lines are the 95% confidence intervals.

By matching the 1000 logistic formulas obtained as above from each method to the 10,000 titer
values sampled randomly from Eq (3), we obtained the distribution of protection rates against BA.4
and BA.5 corresponding to titers at 6 months after the second BNT162b2 dose, 2 weeks after the
third BNT162b2 dose, and after natural infection with BA.1 and BA.2, as shown in Figure 3.

The protection rate was estimated to be 11.3% (95% CI: 0.01-25.4) (method 1) and 12.9% (95%
Cl: 8.8-18.0) (method 2) at 6 months after the second BNT162b2 dose, 44.3% (95% CI: 20.0-59.3)
(method 1) and 47.3% (95% CI: 34.1-60.6) (method 2) at 2 weeks after the third BNT162b2 dose,
and 52.3% (95% CI: 25.1-69.2) (method 1) and 54.9% (95% CI. 37.6-71.4) (method 2) soon after
natural infection with BA.1 and BA.2. The estimated exponential decay model of vaccine
effectiveness against BA.4 and BA.5 is shown in Figure 4 as a function of time since the latest
immunizing event. As expected from the neutralizing titer, the overall strength as well as the duration
of protection against BA.4 and BA.5 were lower than those against BA.1 and BA.2. The half-life of
protection conferred by the second and third BNT162b2 doses against BA.4 and BA.5 is likely less
than 3 months and that conferred by natural infection is comparable with that of a third vaccine dose.
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Figure 3. Distributions of sampled vaccine effectiveness and percent protected since
exposure according to vaccination status against infection with BA.4 and BA.5.
Distributions of sampled vaccine effectiveness against infection with BA.4 and BA.5
among those at 6 months after the second BNT162b2 dose (Al: method 1, A2: method 2)
and 2 weeks after the third BNT162b2 dose (B1: method 1, B2: method 2) are shown. In
(C), the distribution of sampled relative risk reduction of infection with BA.4 and BA.5
to natural infection with BA.1 and BA.2 (C1: method 1, C2: method 2) is shown.
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Protection Rate after 3rd BNT162b2 dose with 95% Cls Protection Rate after BA. 1/2 infection with 95% Cls
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Figure 4. Estimated percent protected against BA.4 and BA.5 over time (1-6 months) by
different statuses are shown. Left: after third BNT16b2 dose, Right: after BA.1 and BA.2
natural infection. Dashed lines: 95% confidence intervals (CIs).

4. Discussion

To the best of our knowledge, our study is the first to link neutralization titer and protection rate
of BA.1 and BA.2 in a general manner using a logistic formula. We used a logistic formula because it
is known to validly capture the relationship between neutralizing antibody titers and vaccine
effectiveness against symptomatic infection [24,36,37].

Our study is also the first to provide preliminary estimates of protection rates against BA.4 and
BA.5. Assuming that the protection rate—titer relationship and decay speed of the protection rate of
BA.4 and BA.5 are comparable to those of BA.1 and BA.2, we showed that the existing effectiveness
in preventing symptomatic illness conferred by second and third doses of the BNT162b2 vaccine is
fairly low, and the protection conferred by natural infection with BA.1 and BA.2 is comparable to (or
slightly better than) that conferred by a third dose of vaccine. Our findings support the existing
notion that the BA.4 and BA.5 subvariants have acquired the ability to escape existing immunity and
therefore have an advantage that can help these strains to transmit more easily among the present-day
population. [30-32,38,42,43]

Another important aspect of our study is that our framework enables preliminary estimation of
protection rates against novel variants in the future, even during the early phase of an epidemic. In
particular, estimates can be attained even using only small sample-size data of neutralization
antibody titers. Together with insights on preparedness against future pandemics[9,17,18], even a
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rough estimate of protection against novel variants may lead to better decision-making regarding
public health by policymakers.

The key limitations of our study were the small sample size of neutralizing titer data and lack of
epidemiological data on the protection rate against BA.4 and BA.5. The neutralizing titer data used
in this study shows consistency with recent in vivo reports on immunity against BA.1 and BA.2
induced by breakthrough infection among vaccinated individuals [44]; however, some uncertainty
may exist considering that no other neutralizing titer data against BA.4 and BA.5 were available at
the time of this writing. To overcome the lack of data on the protection rate against BA 4 and BA.5,
we used two different models to connect the neutralizing titer data with the protection rate for further
simulation. The consistency between the results using each method is encouraging, but careful
validation in epidemiological studies with sufficient data and an adequate design is warranted.
Several preprint studies providing epidemiological data on protection rates against BA.4 and BA.5
have become available during the writing of this article. Among these, regarding the protection rate
provided by previous BA.1 or BA.2 infection in patients who received three doses of vaccine, our
results seem to be quite consistent with estimates reported in a recent preprint study from Qatar with
a test-negative design. [45] The findings of other recent studies from Portugal [46] and Denmark [47]
were not comparable to our results; the former study did not have test-negative controls, and the
latter study pooled those with prior BA.2 and BA.5 infection in the same exposed group in the
analysis of protection rate provided by previous infections. Because the BA.4 and BA.5 variants are
somewhat new, further studies on these variants are needed to confirm our results. The simulation of
protection decay over time also needs validation; owing to waning protection against Omicron BA.4
and BA.5 subvariants, we assumed an exponential decay model with a decay rate that is comparable
to that after a third BNT162b2 dose.

Another limitation of our study is that we only considered data that show the extent of humoral
immunity. Because both humoral and cellular immunity provide protection against SARS-CoV-2 [48,49],
only considering the humoral effect as in our study may result in underestimation of the actual
protection rate, to some extent.

Despite the abovementioned limitations and the need for further validation, the predicted
protection rate distributions against BA.4 and BA.5 are useful as indicators to inform public health
policy. The prediction framework proposed in this study is important because it is a simple method of
calculating protection rate estimates, and the prediction can be easily improved using data from
future studies. In the future, how to improve protection against severe illness and death owing to
COVID-19 must be explored. We believe these cannot be sufficiently inferred using neutralization
titer data alone.

Our findings indicated that accelerating the availability of a fourth dose of the BNT162b2
vaccine is essential to avoid preventable clusters among vulnerable populations (e.g., workers in
health care and welfare facilities).

It is vital to remind the working-age population that a previous “fully” vaccinated status is not
sufficient to provide protection against symptomatic illness owing to infection with BA.4 or BA.5.

5. Conclusions

In the present study, we estimated the neutralizing titer—protection rate relationship of the BA.1
and BA.2 subvariants by applying a logistic formula to the limited data using two methods. We then
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extended this framework to predict the protection rate against BA.4 and BA.5 in several situations as
well as over time. The estimates in our study showed that a greater impact owing to morbidity and
mortality from BA.4 and BA.5 should be expected, in comparison with BA.1 and BA.2,

In reality, the decay rate of BA.4 and BA.5 may be greater than the rate assumed in the present
study. Thus, to avert health risks as much as possible, further promotion of vaccination is deemed
essential. Our models also show that, even with a small sample of neutralization titer data, we can
infer the protection rate against future variants with simple yet robust methods. This means that the
application of models like ours during the early phase of an outbreak caused by a novel SARS-CoV-2
variant is crucial for prompt decision-making in terms of policies regarding vaccination strategies
and nonpharmaceutical interventions at both the community and national levels.
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Appendix

Original neutralizing titer data from Hachmann et al. [1].
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Figure S1. Histogram of the measured values of neutralizing titer values from Hachmann
et al [1]. Note that value below log10(20) are all treated as log10(20).
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