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Abstract: Background: The rise in antibody titers against the novel coronavirus (SARS-CoV-2) and
its duration are considered an important indicator for confirming the effect of a COVID-19 vaccine,
and self-paid tests of antibody titer are conducted in many facilities nationwide. Methods: The
relationship between the number of days after the second and third dose of vaccines, age, and
antibody titer was determined from the medical records of general internal medicine clinics that
conducted self-paid testing of the SARS-CoV-2 antibody titer using Elecsys Anti-SARS-CoV-2 S
(Roche Diagnostics); the relationship between the number of days after two or more doses of vaccines
and antibody titer was also determined. We also examined the antibody titers in cases of spontaneous
infection with SARS-CoV-2 after two or more doses of the vaccine. Results: Log-transformed SARS-
CoV-2 antibody titers measured within 1 month from the second or third dose of vaccine showed a
negative correlation with age (p < 0.05). In addition, the log-transformed antibody titers also showed
a negative correlation trend with the number of days after the second dose of vaccine (p = 0.055);
however, there were no significant correlations between the log-transformed antibody titers and the
number of days after the third dose of vaccine. The median antibody titer after the third vaccination
was 18,300 U/mL, more than 10 times the median antibody titer after the second dose of vaccine, of
1185 U/mL. There were also some cases of infection after the third or fourth dose of vaccine, with
antibody titers in the tens of thousands of U/ml after infection, but the patients still received further
booster vaccinations after the infection. Conclusions: The antibody titers after the third vaccination
did not attenuate after a short follow-up period of one month, while they tended to attenuate after the
second vaccination. It is considered that many people in Japan received further booster vaccinations
after spontaneous infection, even though they already had antibody titers in the tens of thousands of
U/mL due to “hybrid immunity” after spontaneous infection following two or more doses of vaccine.
The clinical significance of the booster vaccination in this population still needs to be thoroughly
investigated and should be prioritized for those with low SARS-CoV-2 antibody titers.

Keywords: COVID-19; SARS-CoV-2; vaccines; breakthrough infection; SARS-CoV-2 antibody

1. Introduction

During the COVID-19 pandemic, the majority of the world’s population was infected
with SARS-CoV-2 at least once. Nevertheless, the fatality rate decreased significantly since
the start of the endemic phase [1]. The COVID-19 vaccine has been available in Japan
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since February 2021 for healthcare workers and since April 2021 for elderly citizens [2].
As of December 10, 2021, 77.3% of the total population had received two vaccination
doses [3]. The third dose of vaccines also began to be administered in December 2021
for healthcare workers, and in early 2022, vaccinations began in earnest for the general
population, starting with the elderly individuals.

Furthermore, from the end of May 2022, the fourth dose of vaccine was given after
a gap of at least 5 months after the third dose to those aged 60 years or older, those aged
18 years or older with underlying medical conditions, and other patients diagnosed by
physicians to be at high risk of severe COVID-19.

Moreover, the vaccination interval for the BNT162b2 (BioNTech and Pfizer) and
mRNA-1273 (Moderna and Takeda) vaccines was shortened from 5 months to 3 months
starting in October 2022. Accordingly, the fifth dose of vaccine started. Thus, it can be said
that COVID-19 vaccination has been promoted by government’s initiative in Japan.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody titers level
and duration of elevated levels are considered important indicators of the effect of COVID-
19 vaccines. Initially, the rise in antibody titers and its persistence were considered indi-
cators not of a vaccine’s clinical effectiveness, such as in reducing the disease incidence
and pre-venting its severe forms, but rather of its immunogenicity and biological post-
immunization effects. Nevertheless, the current effect of the COVID-19 vaccination is
usually evaluated by the rise in antibody titers. So, many facilities in Japan conduct
self-paid tests for SARS-CoV-2 antibody titers.

“Hybrid immunity” acquired by vaccination plus spontaneous infection brought about
by breakthrough infection after vaccination is gaining worldwide attention as COVID-
19 vaccination becomes more widespread [4]. A study by the Bahrain National Health
Database showed that a “hybrid immunization” promoted by both vaccination-induced
immunity and prior infections effectively reduced the severity of reinfection [5]. Similarly,
a Swedish study showed that a “hybrid immunization” with one and two vaccinations
reduced the risk of reinfection by 58% and 66%, respectively, compared to infection-induced
immunization [6].

The following mechanisms were proposed to explain why “hybrid immunity” is effec-
tive in protecting against reinfection and in preventing its severe forms. For example, it
has been reported that breakthrough infections after vaccinations significantly increased
antibody titers [7-9] and that post-vaccination infections induced serum binding and
neutralizing antibody responses that were significantly stronger, more prolonged, and
more effective against the spike protein mutations than those observed with two-dose
vaccination. In other words, compared to those vaccinated with only two vaccine doses,
post-vaccination breakthrough-infected individuals have a robust serum-bound neutraliz-
ing antibody response, which indicates much greater potency, durability, and effectiveness
against the spike protein mutations. It has also been suggested that the quality of the
antibody response improves with increasing exposure to the SARS-CoV-2 antigen [10].

Recently, we reported that when patients were spontaneously infected with SARS-
CoV-2 after the second or further dose of vaccine, their antibody titers increased to more
than 40,000 AU/mL and remained high for several months [11].

It was suggested that those with very high antibody titers due to such “hybrid immu-
nity” are expected to have superior protection against the onset and severity of COVID-19,
which should make boosters unnecessary for at least six months or more. Participants
in our previous study included many employees of the Osaka Dental University Hospi-
tal and students of Osaka Dental University, many of whom are healthcare workers at
high risk of infection with COVID-19 on a daily basis [11]. In addition, the participants
were relatively young people living in metropolitan areas and may not reflect the general
population. Elderly people may not be able to produce antibodies due to an insufficient
immune response by immune memory B cells, even in the case of a breakthrough infection
after two or more doses of vaccine [12]. It is also unclear whether other assay systems for
SARS-CoV-2 antibodies would yield similar results.
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In this study, we examined changes in SARS-CoV-2 antibody titers in outpatients
who had their SARS-CoV-2 antibody titers measured by self-paid test after vaccination
with COVID-19 vaccines in a general internal medicine clinic in a rural area. The study
population consisted of patients who attended a private general internal medicine clinic in
a rural area of Japan. We consider this population as representative of the older population
living in rural areas in Japan. First, we examined the typical antibody titer trends in older
people who received their third or fourth booster dose of a COVID-19 vaccine because
there have been few papers so far showing such cases in community healthcare institutions.
Second, we examined the association between the antibody titers after the second or third
dose and the patient’s age or the number of days since vaccination. Third, we examined
if breakthrough infections after two or more doses of the COVID-19 vaccine significantly
increased the antibody titers.

2. Materials and Methods

We conducted a retrospective observational study involving 133 outpatients (49 males
and 84 females, median age 70 years) at Ekawa Medical Clinic, Arida City, Wakayama,
Japan, between June 2021 to September 2022. The study protocols were approved by the
ethics committee of the Osaka Dental University Hospital (2022-10). Written informed
consent was obtained from all participants. The titers of antibodies to the receptor-binding
domain (RBD) of SARS-CoV-2 were measured in serum samples.

First, we showed typical antibody titers trends in married couples who were vacci-
nated with COVID-19 vaccines, after the third and fourth doses.

Second, the correlation between log-transformed antibody titer, age, and the number
of days after the second dose of the vaccine was examined in 86 participants (36 males
and 50 females) with no history of COVID-19 infection, and the date of vaccination was
known. These data were analyzed using histograms and the Shapiro-Wilk test to confirm
the normality of the distribution. The same examination was also conducted on 31 subjects
(11 males and 20 females) after the third dose of the vaccine. The post-infection antibody
titers in participants infected with COVID-19 after two or more doses of the COVID-19
vaccine were also examined.

2.1. Serology Assays

We used the electrochemiluminescence immunoassay system Elecsys Anti-SARS-CoV-
2 S (Roche Diagnostics, Mannheim, Germany) to detect IgG antibodies to the receptor-
binding domain of the S subunit of the SARS-CoV-2 spike protein, according to the manu-
facturer’s instructions. The cut-off value set by the manufacturer was 0.8 U/mL. A strong
correlation was observed between the measurements of Abbott Architect SARS-CoV-2 IgG
II Quant (Abbott Laboratories, Abbott Park, IL, USA), the assay system for the antibody we
used in our previous report [11], and those of Elecsys Anti-SARS-CoV-2 S [13].

2.2. Statistical Analysis

The results are expressed as mean =+ standard deviation (SD). The Pearson’s product-
moment correlation coefficient was used to assess the associations between log-transformed
SARS-CoV-2 anti-receptor binding domain IgG antibody titers, age, and number of days
after vaccination. The normality of the distribution was assessed by the Shapiro-Wilk
test, and the transformation to fit a normal distribution was applied to the antibody titers
(U/mL) and log-transformed antibody titers. For data analysis, the JMP 13.1 software was
used. Statistical significance was set at p < 0.05.

3. Results

Of the 133 enrolled patients (49 males, 84 females) whose SARS-CoV-2 antibody
titers were measured at the Ekawa Medical Clinic, 127 patients (48 males, 79 females)
were vaccinated up to the second dose, 97 patients (35 males, 62 females) up to the third
dose, 53 patients (21 males, 32 females) up to the fourth dose, and 6 had never been
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vaccinated. The mean and median age tended to increase with the number of vaccinations.
Of the 127 patients vaccinated up to the second dose, 115 patients and 1 patient received
the BNT162b2 (BioNTech and Pfizer) and mRNA-1273 (Moderna and Takeda) vaccines,
respectively. Of the 97 patients vaccinated up to the third dose, 65 patients and 30 patients
received the BNT162b2 and mRNA-1273 vaccines, respectively. Of the 53 vaccinated up
to the fourth dose, 39 and 11 patients received the BNT162b2 and mRNA-1273 vaccines,
respectively (Table 1, Figure 1).

Table 1. Participants’ characteristics up to the second, third, and fourth vaccine doses.

Total Participants Participants up to the  Participants up to the  Participants up to the

Second Dose Third Dose Fourth Dose
Total 133 127 97 53
Male, n (%) 49 (36.8) 48 (37.8) 35(36.1) 21 (39.6)
Female, n (%) 84 (63.2) 79 (62.2) 62 (63.9) 32 (60.4)
Mean age 65.7 £19.1 66.4 +18.7 70.2 +16.1 743 +12.5
Median age 70 70 72 75
BNT162b2 (BioNTech and Pfizer), n (%) 115 (90.5) 65 (67.0) 39 (73.6)
Type of vaccine mRNA-1273 (Moderna and Takeda), n (%) 1(0.8) 30 (30.9) 11 (20.7)
Unknown, n (%) 11 (8.7) 2(2.1) 3(5.7)
No vaccination
history, n (%) 6 (45)
Total 133 participants
Male 49(36.8%), Female 84(63.2%)
l 6 participants with no vaccination history

127 participants up to the second dose of vaccine
Male 48(37.8%), Female 79(62.2%)

| Regression analysis was performed on 86 patients who
had antibody titers tested between the second and
l third vaccination, and had no history of spontaneous
COVID-19 infection during thatperiod (Figure 3).

97 participants up to the third dose of vaccine
Male 35(36.1%), Female 62(63.9%)

Regression analysis was performed on31 patients who

| had antibody titers tested between thethird and fourth

l vaccination , and had no history of spontaneous
COVID-19 infection during thatperiod (Figure 4).

53 participants up to the fourth dose of vaccine
Male 21(39.6%), Female 32(60.4%)

Figure 1. Study design flowchart.

Figure 2A shows a couple in their 60s who had received the third dose of COVID-19
vaccine. They had both completed the second dose by June 2021, but their antibody titers
then decayed, with the wife receiving her third dose in March 2022, and the husband in
May 2022. Both of them had much higher antibody titers than after the second dose, up to
10,000 U/mL. The titers then decayed again over the next two to three months, but still
remained much higher than the peak after the second dose of vaccine.
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An example of a couple vaccinated up to the third dose.
Antibody titer

(U/mD
40000
45000 33700
30000 3rd dose of the vadci
5/28/2022
25000
20000

A couple together

i 20000
1st dose of the vaccine 5/20/2021 o d°§i;g;;gz‘;a°°'"e
15000 = 2nd dose of the vaccine 6/10/2021
10000
10000
3330

5000 2500

. Bl 1 303

5/1/21 8/9/21 11/17/21 2/25/22 6/5/22 9/13/22

_,_ 67yearold ___ 63-yearold
male female
(A)

An example of a couple vaccinated up to the fourth dose.

Antibody titer A couple together

(U/mb) 4th dose of the vaccine 7/11/2022
18000
16000 16400

14000 A couple together

3rd dose of the vaccine 2/3/2022
12000
10000

A couple together
8000 | 1{st dose of the vaccine 5/29/2021
2nd dose of the vaccine 6/19/2021

6000
4000 4840
2000 533

g 237

5/1/21 8/9/21 11/17/21 2/25/22 6/5/22 9/13/22

_._ 88vyearold _, 86-yearold
male female
(B)

Figure 2. Examples of couples vaccinated up to the third (A) or fourth (B) dose of vaccine.

Figure 2B shows an example of an elderly couple in their 80s who had received the
fourth dose of vaccine. The first two doses of the vaccine were administered by June 2021.
The third dose of the vaccine was given in February 2022, and the antibody titer rose to
7000-8000 U/mL immediately. This then dropped over the next 5 months or so, and when
the fourth dose of vaccine was given in July 2022, it rose again, but then waned over the
next 2 months.
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The histograms of the antibody titers and log-transformed antibody titers are shown
for 86 participants (36 males, and 50 females) out of the 127 patients who received up
to the second dose of vaccine and had antibody titers measured before their third dose
and without a history of COVID-19 infection (Figure 3A,B). They had a median age of
68.5 years and were vaccinated with the BNT162b2 vaccine, with a median antibody titer
of 1185 U/mL (Table 2). The Shapiro-Wilk test rejected the normality of the antibody
titer (U/mL) and the log-transformed antibody titer distributions after the second dose
(p < 0.001). A negative correlation trend was observed between log-transformed antibody
titer and days after the second dose of the vaccine, although this was not significant
(p = 0.055) (Figure 3C). A significant negative correlation was also observed between
log-transformed antibody titer and age (p < 0.001) (Figure 3D).

A C 10 B}
35 T *
30 8 8- . b4 .
25 + +* »
20 3 6 - ML A
15 2 PP
10 B4
5 5 R=-0.208, p=0.055 «

202 .
-1000 1000 3000 5000 7000 =
0

iody tter  (U/m!) 0 15 20 25 3
antibody titer m 5 10 15 20 25 30

B D Days after secornd dose of the vaccine

10 -

35 ,E 8 e *, {
o 1 Iy 2 .
30 s $. % d
25 36 - ‘e Lidd A+
20 2 . .« » o
15 T 4 -
10 = — .
| 5 ® 2 R=-0.416, p<0.001 .
0 T T T T

1 2 3 9 5 6 7 8 9

log (antibody titer)

0 20 40 60 80 100
Age

Figure 3. Histograms of the antibody titers (A) and log-transformed antibody titers (B) for 86
participants who had been vaccinated up to the second dose. Correlation between the days after the
second dose and the log-transformed antibody titer (C). Correlation between the participants” age
and the log-transformed antibody titer (D).

Table 2. Analyzed participants up to the second and third vaccine dose.

Analyzed Participants up to the Analyzed Participants up to the

Second Dose Third Dose
Total 86 31
Male, n (%) 36 (41.9) 11 (35.5)
Female, n (%) 50 (58.1) 20 (64.5)
Mean age 673 +17.2 69.9 +16.8
Median age 68.5 72
Type of vaccine BNT162b2 (BioNTech and Pfizer), n (%) 86 (100) 27 (87.1)
mRNA-1273 (Moderna and Takeda), n (%) 0(0) 4(12.9)
Median antibody titer (U/mL) 1185 18,300
Median log (antibody titer) 7.1 9.8
Mean number of days between the vaccination and the measurement 149 + 25 15.6 + 2.6

day (Mean =+ standard deviation)
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The histograms of the antibody titers and the log-transformed antibody titers are
shown for 31 participants out of 97 who had been vaccinated up to the second dose
(11 males and 20 females) and had antibody titers measured before the fourth dose without
a history of COVID-19 infection (Figure 4A,B). Their median age was 72 years. Of the
31 participants, 27 had received BNT162b2 and 4 had received mRNA-1273. The median
antibody titer was 18,300 U/mL, and most likely, it had been boosted from the peak seen
after the second dose (Table 2).
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Figure 4. Histograms of the antibody titers (A) and log-transformed antibody titers (B) for 31 partici-
pants who had been vaccinated up to the third dose. Correlation between the days after the third
dose and the log-transformed antibody titer (C). Correlation between the participant’s age and the

log-transformed antibody titer (D).

The Shapiro-Wilk test rejected the normality of the antibody titer (U/mL) (p = 0.003)
and the log-transformed antibody titer distributions after the third dose (p = 0.005). No
significant correlation was observed between the log-transformed antibody titer after the
third dose and the number of post-vaccination days (p = 0.414) (Figure 4C). On the other
hand, as mentioned above, the log-transformed antibody titer after the third dose showed
a significant negative correlation with age (Figure 4D).

Table 3A shows two cases of spontaneous infection after the second dose of vaccine. A
44-year-old man became infected about six months after the second dose of vaccine, and his
antibody titer was over 100,000 U/mL after infection. In a 51-year-old woman, the antibody
titer had risen to 26,600 U/mL after infection, but she had received her third vaccination a
few days after the antibody titer was measured.

Table 3B shows six cases of spontaneous infection after the third dose of vaccine.
Although some of the cases had their antibody titers measured nearly six months after
infection, they all maintained high levels of antibody titers. However, despite maintaining
high levels of antibody titers, some of them had received the fourth dose of vaccine.

Table 3C shows a case of an elderly woman who was spontaneously infected after
the fourth dose of vaccine. This case received the fourth dose of vaccine in July 2022,
but she became spontaneously infected in August, and her antibody titer rose to about
120,000 U/mL after infection. Thus, even elderly people seemed to show a marked increase
in antibody titer after infection.
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Table 3. Participants who became infected after the second (A), third (B), and fourth (C) dose of vaccine.

A. Participants Who Became Infected after the Second Dose of Vaccine.

1st Vaccination Date Date of Days from 2nd Post-Infection Post-Infection ;\Tumllae; of Days 3rd Vaccination
Case fecti Vaccination to Antibody Test Antibody rom Infection to
2nd Vaccination Date Infection Infection Date Titer (U/mL) Antibody Titer Date
Measurement
11 August 2021 .
44M 3 March 2022 183 9 April 2022 113,000 37
1 September 2021
unknown
51F 15 January 2022 4 March 2022 26,600 48 9 March 2022
unknown
B. Participants who became infected after the third dose of vaccine
1st Vaccination D
st Vaccination Date Days from 3rd Post-Infection Post-Infection Number of'Days -
S Date of . . . from Infection to 4th Vaccination
Case 2nd Vaccination Date . Vaccination to Antibody Test Antibody . .
Infection . . Antibody Titer Date
S Infection Date Titer (U/mL)
3rd Vaccination Date Measurement
22 June 2021
65F 13 July 2021 29 March 2022 36 12 April 2022 20,500 14 3 August 2022
21 February 2022
23 June 2021
75F 14 July 2021 14 July 2022 118 25 July 2022 12,200 11
18 March 2022
unknown
57F unknown 18 August 2022 160 13 September 2022 59,600 26
11 March 2022
26 June 2021
75M 17 July 2021 8 August 2022 156 26 August 2022 41,000 18 26 August 2022
5 March 2022
10 July 2021
71F 31 July 2021 10 August 2022 153 26 August 2022 9840 16 26 August 2022
10 March 2022
unknown
71F unknown 11 March 2022 31 25 April 2022 63,400 45 3 August 2022
8 February 2022
C. Participants who became infected after the fourth dose of vaccine
1st Vaccination Date
P . . . Number of Days
c 2nd Vaccination Date Date of Days. fro.m 4th Post.-lnfectlon Post: Ir'lfectwn from Infection to
ase Infecti Vaccination to Antibody Test Antibody Antibodv Tit
3rd Vaccination Date niection Infection Date Titer (U/mL) 1\21 ibody Ti etr
easuremen
4th Vaccination Date
unknown
k
85F Hnknown 21 August 2022 44 13 September 2022 122,000 23
8 February 2022
8 July 2022

4. Discussion

The present study showed that SARS-CoV-2 antibody titers were boosted by the third
or fourth dose of vaccine, but then declined over time (Figure 2A,B). As observed in this
study, immunity acquired by booster vaccination alone is known to fade fast [14].

Among the 86 participants whose antibody titers were measured within one month af-
ter the second dose of vaccine, age and log-transformed antibody titer showed a significant
negative correlation (Figure 3D). A negative correlation trend between the number of days
after the second dose of vaccine and the log-transformed antibody titer was observed but
was not significant (Figure 3C).

Similarly, in the 31 subjects whose antibody titers were measured within one month
after the third dose of vaccine, age and log-transformed antibody titer showed a negative
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correlation (Figure 4D). It has previously been reported that antibody titers after vaccination
tend to decrease with increasing age [15-18].

The negative correlation between log-transformed antibody titer after the second or
third dose of vaccine and age in this study is consistent with these previous reports. The
median antibody titer after the third dose of vaccine was more than 10 times higher than
that after the second dose of vaccine. In the 1-month post-vaccination follow-up period,
no correlation was found between the number of days after the third dose of vaccine and
the antibody titer (Figure 4C). It was hypothesized that the third doses of a vaccine would
provide stronger immunity and less attenuation of the antibody titers than previous doses
of vaccine.

Researchers in Israel studied more than 10,000 healthcare workers who had not previ-
ously been infected; all of them received either three or four doses of vaccine. That study
showed that up to the second dose of vaccine, the antibody titers tended to drop, but after
the third dose of vaccine, the antibody titers were maintained to some extent even after
six months [19]. The result that the antibody titers obtained after the third dose of vaccine
were less attenuated than those obtained after the second dose of vaccine is consistent with
our findings.

On the other hand, in the Israeli study [19], the levels of antibody titers after the third
and fourth doses of vaccine did not change much, with the antibody response after the
fourth dose of vaccine peaking at about four weeks, declining to the same level as before
the fourth dose of vaccine at 13 weeks, and then stabilizing [19]. These results suggest that
the fourth dose of vaccine may be less significant in terms of maintenance of the antibody
titers. The authors also found that the fourth dose’s clinical efficacy against infection
fell rapidly. In fact, after four months, the fourth dose was no better than three doses at
preventing infection.

A study derived from the national database in Portugal showed that hybrid immunity,
the result of both vaccination and a spontaneous infection by COVID-19, could provide
partial protection against reinfection for at least eight months [20]. A survey of healthcare
workers in Sweden suggested that those with hybrid immunity had high levels of mucosal
antibodies with strong protective effects against infection [21]. It also offered greater than
95% protection against severe disease or hospitalization for between six months and a year
after an infection or vaccination, according to estimates from a meta-analysis [22].

In the present study, we showed that the post-infection antibody titers were markedly
elevated in patients with post-vaccination breakthrough infection, even in a completely
different population and using a different measurement system, from those of our previous
study, which also showed similar results. At the same time, there were scattered cases in
which even those with sufficiently elevated antibody titers due to breakthrough infection
received additional doses of vaccine. It is debatable whether additional vaccinations should
be administered when a patient is infected and the antibody titers have increased markedly.

Since the Omicron strain was found to cause low disease severity, the Japanese gov-
ernment has reviewed the status of COVID-19 under the Infectious Disease Control Law
and plans to lower it to Category 5, the same as influenza infections, starting in May
2023. In Japan, COVID-19 vaccination has been recommended as frequently as possible in
each epidemic surge, but in accordance with this change, there is a proposal to reduce the
vaccination frequency to once a year.

Hybrid immunity offers protection against COVID-19 infection and is reported to
persist for a relatively long time (between 6-8 months) [23,24]. A systematic review of
recent studies has also shown that individuals with hybrid immunity are more protected
against the Omicron variant than those with only a history of infection, suggesting that
individuals with hybrid immunity may not require a booster dose immediately [22]. In
Japan, most cases of SARS-CoV-2 infection occurred after two or more doses of vaccine. In
such cases, as shown in our previous report [11], the post-infection antibody titer increased
markedly, and the high antibody titer may have continued for a long period of time (more
than six months).
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It is necessary to clarify the duration of high antibody titers after breakthrough infec-
tion, i.e., whether they last for 6 months to 1 year. In cases where the antibody titers were
markedly increased by hybrid immunity from vaccination plus spontaneous infection, the
incidence and severity of the COVID-19 were lower, thus providing strong evidence that
frequent additional vaccinations are not necessary, at least for recently infected persons,
and that annual vaccinations are sufficient.

This study has several limitations. First, the size of the population included in the
study was small. Second, there was no information on the SARS-CoV-2 variants. However,
these limitations are difficult to overcome because the study was conducted at a single
private clinic. Third, the natural immunity to SARS-CoV-2 after vaccination has not been
studied yet. In addition to the induction of antibodies, the effect of natural immunity
is considered significant regarding hybrid immunity. As for the natural immunity after
COVID-19 infection, the effects of CD4+ T cells, CD8+ T cells, and memory B cells have
been shown to be maintained for more than 8 months [25,26]. Studies in Qatar have also
shown that the natural immune protection against the SARS-CoV-2 infection wanes over
time, but the prophylactic effect against the severe disease forms of COVID-19 remains
strong [27].

In conclusion, as we mentioned in a previous report [11], our study found that an
increase in the antibody titers against SARS-CoV-2 is an important indicator of the effect of
COVID-19 vaccines. In addition, there were cases such as breakthrough infections after
two or three doses of the COVID-19 vaccine with markedly increased antibody titers in
participants who still received further booster doses of the mRNA vaccine. In addition, this
study found that the antibody titers after the third vaccination did not attenuate after a short
follow-up period of one month, while they tended to attenuate after the second vaccination.
In other words, three vaccinations are thought to produce stronger immunity. Although it
is desirable to measure the antibody titers and prioritize those people with low antibody
titers for booster vaccination, rather than blindly recommending booster vaccination to
the entire population, it may be difficult to see how the financial, personnel, time, and
educational costs can be afforded. As this was a small retrospective study, larger-scale
longitudinal studies of antibody titers are warranted.

Author Contributions: Methodology, H.K.; Formal analysis, H.K.; Investigation, K.E., K.Y. and M.M.;
Resources, M.E.; Data curation, N.K.; Writing—original draft, H.K.; Supervision, H.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Osaka Dental University Hospital (protocol
code 2022-10).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Pilz, S.; Ioannidis, ].P.A. Does natural and hybrid immunity obviate the need for frequent vaccine boosters against SARS-CoV-2 in
the endemic phase? Eur. |. Clin. Investig. 2023, 53, €13906. [CrossRef]

ISLEE IR

Available online: https://www.kantei.go.jp/jp/headline/kansensho/vaccine_supply.html (accessed on 26 February 2023).
Available online: https://www.kansensho.or.jp/uploads/files/guidelines/2112_covid-19_4.pdf (accessed on 26 February 2023).
The Lancet Infectious Diseases. Why hybrid immunity is so triggering. Lancet Infect. Dis. 2022, 22, 1649. [CrossRef] [PubMed]
Almadhi, M.; Alsayyad, A.S.; Conroy, R.; Atkin, S.; Al Awadhi, A.; Al-Tawfiq, J.A.; AlQahtani, M. Epidemiological assessment of

SARS-CoV-2 reinfection. Int. J. Infect. Dis. 2022, 123, 9-16. [CrossRef] [PubMed]


https://doi.org/10.1111/eci.13906
https://www.kantei.go.jp/jp/headline/kansensho/vaccine_supply.html
https://www.kansensho.or.jp/uploads/files/guidelines/2112_covid-19_4.pdf
https://doi.org/10.1016/S1473-3099(22)00746-0
https://www.ncbi.nlm.nih.gov/pubmed/36372089
https://doi.org/10.1016/j.ijid.2022.07.075
https://www.ncbi.nlm.nih.gov/pubmed/35931371

Medicines 2023, 10, 27 11 of 12

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Nordstrom, P.; Ballin, M.; Nordstrom, A. Risk of SARS-CoV-2 reinfection and COVID-19 hospitalisation in individuals with
natural and hybrid immunity: A retrospective, total population cohort study in Sweden. Lancet Infect. Dis. 2022, 22, 781-790.
[CrossRef] [PubMed]

Robertson, L.J.; Price, R.; Moore, ].S.; Curry, G.; Farnan, J.; Black, A.; Blighe, K.; Nesbit, M.A.; McLaughlin, ].A.D.; Moore, T. IgG
antibody production and persistence to 6 months following SARS-CoV-2 vaccination: A Northern Ireland observational study.
Vaccine 2022, 40, 2535-2539. [CrossRef]

Sarrigeorgiou, I.; Moschandreou, D.; Dimitriadis, A.; Tsinti, G.; Sotiropoulou, E.; Ntoukaki, E.; Sotiropoulou, E.; Ntoukaki, E.;
Eliadis, P.; Backovic, M.; et al. Combined monitoring of IgG and IgA anti-Spike and anti-Receptor binding domain long term
responses following BNT162b2 mRNA vaccination in Greek healthcare workers. PLoS ONE 2022, 17, e0277827. [CrossRef]
Desmecht, S.; Tashkeev, A.; El Moussaoui, M.; Marechal, N.; Perée, H.; Tokunaga, Y.; Fombellida-Lopez, C.; Polese, B.; Legrand,
C.; Wery, M,; et al. Kinetics and Persistence of the Cellular and Humoral Immune Responses to BNT162b2 mRNA Vaccine in
SARS-CoV-2-Naive and -Experienced Subjects: Impact of Booster Dose and Breakthrough Infections. Front. Immunol. 2022,
13, 863554. [CrossRef]

Walls, A.C.; Sprouse, K.R.; Bowen, J.E.; Joshi, A.; Franko, N.; Navarro, M.].; Stewart, C.; Cameroni, E.; McCallum, M.; Goecker,
E.A; et al. SARS-CoV-2 breakthrough infections elicit potent, broad, and durable neutralizing antibody responses. Cell 2022,
185, 872-880.e3. [CrossRef] [PubMed]

Kusunoki, H.; Ohkusa, M.; Iida, R.; Saito, A.; Kawahara, M.; Ekawa, K.; Kato, N.; Yamasaki, K.; Motone, M.; Shimizu, H.
Longitudinal Changes in IgG-Type SARS-CoV-2 Antibody Titers after COVID-19 Vaccination and a Prominent Increase in
Antibody Titers When Infected after Vaccination. Vaccines 2023, 11, 860. [CrossRef]

Kared, H.; Wolf, A.S.; Alirezaylavasani, A.; Ravussin, A.; Solum, G.; Tran, T.T.; Lund-Johansen, F,; Vaage, J.T.; Nissen-Meyer, L.S,;
Nygaard, U.C.; et al. Immune responses in Omicron SARS-CoV-2 breakthrough infection in vaccinated adults. Nat. Commun.
2022, 13, 4165. [CrossRef]

Matsuura, T.; Fukushima, W.; Nakagama, Y.; Kido, Y.; Kase, T.; Kondo, K.; Kaku, N.; Matusmoto, K.; Suita, A.; Komiya, E.;
et al. Kinetics of anti-SARS-CoV-2 antibody titer in healthy adults up to 6 months after BNT162b2 vaccination measured by two
immunoassays: A prospective cohort study in Japan. Vaccine 2022, 40, 5631-5640. [CrossRef]

Willyard, C. How quickly does COVID immunity fade? What scientists know. Nature 2023, 614, 395-396. [CrossRef]

Uwamino, Y.; Kurafuji, T.; Sato, Y.; Tomita, Y.; Shibata, A.; Tanabe, A.; Yatabe, Y.; Noguchi, M.; Arai, T.; Ohno, A.; et al. Young age,
female sex, and presence of systemic adverse reactions are associated with high post-vaccination antibody titer after two doses of
BNT162b2 mRNA SARS-CoV-2 vaccination: An observational study of 646 Japanese healthcare workers and university staff.
Vaccine 2022, 40, 1019-1025. [CrossRef]

Nomura, Y.; Sawahata, M.; Nakamura, Y.; Kurihara, M.; Koike, R.; Katsube, O.; Hagiwara, K.; Niho, S.; Masuda, N.; Tanaka, T.; et al.
Age and Smoking Predict Antibody Titres at 3 Months after the Second Dose of the BNT162b2 COVID-19 Vaccine. Vaccines 2021, 9,
1042. [CrossRef]

Miiller, L.; Andrée, M.; Moskorz, W.; Drexler, 1.; Walotka, L.; Grothmann, R.; Ptok, J.; Hillebrandt, J.; Ritchie, A.; Rabl, D.; et al.
Age-dependent Immune Response to the Biontech/Pfizer BNT162b2 Coronavirus Disease 2019 Vaccination. Clin. Infect. Dis.
2021, 73, 2065-2072. [CrossRef]

Terpos, E.; Trougakos, L.P.; Apostolakou, F.; Charitaki, I.; Sklirou, A.D.; Mavrianou, N.; Papanagnou, E.-D.; Liacos, C.-1.; Gumeni,
S.; Rentziou, G.; et al. Age-dependent and gender-dependent antibody responses against SARS-CoV-2 in health workers and
octogenarians after vaccination with the BNT162b2 mRNA vaccine. Am. J. Hematol. 2021, 96, E257-E259. [CrossRef]

Canetti, M.; Barda, N.; Gilboa, M.; Indenbaum, V.; Asraf, K.; Gonen, T.; Weiss-Ottolenghi, Y.; Amit, S.; Doolman, R,;
Mendelson, E.; et al. Six-Month Follow-up after a Fourth BNT162b2 Vaccine Dose. N. Engl. ]J. Med. 2022, 387, 2092-2094.
[CrossRef]

Malato, J.; Ribeiro, R.M.; Fernandes, E.; Leite, P.P,; Casaca, P.; Antunes, C.; Fonseca, V.R.; Gomes, M.C.; Graca, L. Stability of
hybrid versus vaccine immunity against BA.5 infection over 8 months. Lancet Infect. Dis. 2023, 23, 148-150. [CrossRef]
Marking, U.; Bladh, O.; Havervall, S.; Svensson, J.; Greilert-Norin, N.; Aguilera, K.; Kihlgren, M.; Salomonsson, A.-C.; Mansson,
M.; Gallini, R.; et al. 7-month duration of SARS-CoV-2 mucosal immunoglobulin—A responses and protection. Lancet Infect. Dis.
2023, 23, 150-152. [CrossRef]

Bobrovitz, N.; Ware, H.; Ma, X.; Li, Z.; Hosseini, R.; Cao, C.; Selemon, A.; Whelan, M.; Premji, Z.; Issa, H.; et al. Protective
effectiveness of previous SARS-CoV-2 infection and hybrid immunity against the omicron variant and severe disease: A systematic
review and meta-regression. Lancet Infect. Dis. 2023. [CrossRef]

Hall, V.; Foulkes, S.; Insalata, F.; Kirwan, P; Saei, A.; Atti, A.; Wellington, E.; Khawam, J.; Munro, K.; Cole, M.; et al. Protection
against SARS-CoV-2 after COVID-19 Vaccination and Previous Infection. N. Engl. J. Med. 2022, 386, 1207-1220. [CrossRef]
Sidik, S.M. COVID vaccine plus infection can lead to months of immunity. Nature 2022. [CrossRef]

Dan, ].M.; Mateus, ].; Kato, Y.; Hastie, KM.; Yu, E.D.; Faliti, C.; Grifoni, A.; Ramirez, S.I.; Haupt, S.; Frazier, A.; et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science 2021, 371, eabf4063. [CrossRef]


https://doi.org/10.1016/S1473-3099(22)00143-8
https://www.ncbi.nlm.nih.gov/pubmed/35366962
https://doi.org/10.1016/j.vaccine.2022.02.087
https://doi.org/10.1371/journal.pone.0277827
https://doi.org/10.3389/fimmu.2022.863554
https://doi.org/10.1016/j.cell.2022.01.011
https://www.ncbi.nlm.nih.gov/pubmed/35123650
https://doi.org/10.3390/vaccines11040860
https://doi.org/10.1038/s41467-022-31888-y
https://doi.org/10.1016/j.vaccine.2022.08.018
https://doi.org/10.1038/d41586-023-00124-y
https://doi.org/10.1016/j.vaccine.2022.01.002
https://doi.org/10.3390/vaccines9091042
https://doi.org/10.1093/cid/ciab381
https://doi.org/10.1002/ajh.26185
https://doi.org/10.1056/NEJMc2211283
https://doi.org/10.1016/S1473-3099(22)00833-7
https://doi.org/10.1016/S1473-3099(22)00834-9
https://doi.org/10.1016/S1473-3099(22)00801-5
https://doi.org/10.1056/NEJMoa2118691
https://doi.org/10.1038/d41586-022-00961-3
https://doi.org/10.1126/science.abf4063

Medicines 2023, 10, 27 12 of 12

26. Crotty, S. Hybrid immunity: COVID-19 vaccine responses provide insights into how the immune system perceives threats. Science
2021, 372, 1392-1393. [CrossRef]

27. Chemaitelly, H.; Nagelkerke, N.; Ayoub, H.H.; Coyle, P; Tang, P,; Yassine, H.M.; Al-Khatib, H.A.; Smatti, M.K.; Hasan, M.R;
Al-Kanaani, Z.; et al. Duration of immune protection of SARS-CoV-2 natural infection against reinfection. |. Travel Med. 2022,
29, taac109. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1126/science.abj2258
https://doi.org/10.1093/jtm/taac109

	Introduction 
	Materials and Methods 
	Serology Assays 
	Statistical Analysis 

	Results 
	Discussion 
	References

