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Following the original severe acute respiratory syndrome coronavirus 2 strain (Wuhan-Hu-1)
in December 2019, the Delta variant in May 2021 and the Omicron variant in December
2021 were classified as variants of concern. The pandemic has been ongoing for more
than two years, and the three-dose vaccination rate has reached approximately 50% in
Korea. We analyzed anti-S antibodies (Abs) and neutralizing Abs (NAbs) in 32 healthcare
workers at a university hospital, focusing on the first to third doses of ChAdOx1-ChAdOx1-
BNT162b2, which is the most common vaccination regimen in Korea. Antibodies were
analyzed at eight time points according to the vaccine regimen. The first to third doses of
ChAdOx1-ChAdOx1-BNT162b2 produced high Ab concentrations; NAb concentrations
after the third dose were predicted to remain high for a longer period than those after the
first and second doses. The effectiveness of a second dose of ChAdOx1 in the real world
was demonstrated by analyzing samples collected during an outbreak that occurred in the
study period, 4-5 months after the second dose. The relative risk ratio was 88.0%, and
the efficacy of the second ChAdOx1 dose was 12.0% (P<0.05). Therefore, maintaining
appropriate Ab concentrations through regular vaccination will help protect against coro-
navirus disease-19.
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Two years have passed since the emergence of severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) in December
2019. Korean Society for Laboratory Medicine and the Korea
Centers for Disease Prevention and Control proposed guidelines
to prevent the spread of the disease through rapid and accurate
diagnosis of COVID-19 in Korea [1]. After that, vaccination has
been used to in an attempt to achieve herd immunity for coro-
navirus disease (COVID-19). As the pandemic continued, anti-
bodies (Abs) produced after the first and second doses were
gradually exhausted. The neutralizing Abs (NAbs) induced by
the vaccines targeting the original strain were less effective against
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newly emerging variants [2-4]. As the need for a third dose in-
creased, studies to verify its safety and effectiveness were con-
ducted [5-8]. In Korea, by 16 February 2022, 86.2% and 58.0%
of the population had received second and third doses, respec-
tively [9]. We evaluated the immunogenicity and side effects, fo-
cusing on the first to third doses of ChAdOx1-ChAdOx1-BNT162b2,
the most common vaccination regimen in Korea [9]. For approxi-
mately one year, we measured Ab concentrations and evaluated
side effects after each dose in 32 healthcare workers (HCWs)
longitudinally. As an in-hospital outbreak occurred 4-5 months
after the second dose was administered, we also analyzed the
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effectiveness of the vaccines in the “real world” of a university
hospital in Korea.

The study was conducted between March 22, 2021 and May
31, 2022 and was approved by the Institutional Review Board
of Soonchunhyang University Seoul hospital, Seoul, Korea (ap-
proval number: SCHUH-2021-03-015). The subjects were HCWs
at a university hospital in Seoul; their baseline characteristics
are listed in Table 1. The first (March 3-5, 2021) and second
(May 25-27, 2021) doses were ChAdOx1 (AstraZeneca, Cam-
bridge, UK), and the third (November 22-26, 2021) dose was
BNT162b2 (Pfizer, New York, USA). Blood samples were col-
lected at eight time points (immediately before the first dose;
two weeks, one month, and three months after the first dose;
one month, four months, and six months after the second dose;
and one month after the third dose) and stored in serum sepa-
rating tubes. Anti-S Abs and NAbs were quantified using widely
available assays, which had shown good performance [10]. To-
tal anti-S Abs (including IgG and IgM) against the receptor-bind-
ing domain (RBD) of SARS-CoV-2 were measured by an elec-
trochemiluminescence immunoassay using the Elecsys Anti-
SARS-CoV-2 S kit (Roche Diagnostics, Mannheim, Germany). It
is a quantitative assay that detects anti-S Abs with a threshold
value of 0.8 U/mL for positivity and an upper limit of detection
of 250.0 U/mL (analyzed up to a 1/400 serum dilution). The
signal inhibition rate (SIR) was used to assess the capacity of
the Abs to neutralize a surrogate virus. The cPass ELISA-based
SARS-CoV-2 Surrogate Virus Neutralization Ab Detection Kit
(GenScript, Piscataway, NJ, USA) assesses the Ab-mediated in-
hibition of SARS-CoV-2 RBD binding to the human host recep-
tor angiotensin-converting enzyme 2 (ACE2) as an indirect de-
tection method. The SIR was calculated using the following for-

mula:
optical density value of sample
optical density of negative control

SIR (%) = (1 - ) x 100 (%)

Samples were judged positive if they exhibited an SIR >30.0%.

The association between the NAb SIR and side effects follow-
ing vaccination was analyzed by logistic regression using a gen-
eralized estimating equation (GEE) model [11]. A t-test was used
to analyze the relationship between the NAb SIR and side effects
according to the time point of each dose. Fisher’s exact test was
used to determine whether the second dose was related to in-
fection in vaccinated or unvaccinated patients in an in-hospital
outbreak analysis. The relative infection risk ratio (RR) and vac-
cine effectiveness were calculated using the following formulas
[12]:
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Table 1. Baseline characteristics of and side effects in healthcare
workerHCWs in a Korean Uuniversity hospital following the first to
third doses of ChAdOx1-ChAdOx1-BNT162b2

Variable First dose Second dose  Third dose
(N=32) (N=30) (N=29)
Age group (yr)
20-29 7(21.9%) 5(16.7%) 4(13.8%)
30-39 14 (43.8%) 14 (46.7%) 13 (44.8%)
40-49 1(3.1%) 1(3.3%) 1(3.4%)
50-59 9(28.1%) 9(30.0%) 10 (34.5%)
6069 1(3.1%) 1(3.3%) 1(3.4%)
Sex
Female 27 (84.4%) 25 (83.3%) 24 (82.8%)
Male 5(15.6%) 5(16.7%) 5(17.2%)
Medical history
Presence* 2(6.3%) 2(6.7%) 2(6.9%)
Absence 30(93.8%) 28 (93.3%) 27 (93.1%)
Adverse reactions
None 2(6.3%) 1(36.7%) 3(10.3%)
Any 30 (93.8%) 19 (63.3%) 27(93.1%)
Local 25(78.1%) 10 (33.3%) 18 (62.1%)
Local pain 25 (78.1%) 0(33.3%) 18 (62.1%)
Systemic 29 (90.6%) 13 (43.3%) 23 (79.3%)
Myalgia 26 (81.3%) 7(23.3%) 20 (69.0%)
Fever 25 (78.1%) 5(16.7%) 10 (34.5%)
Fatigue 24 (75.0%) 9(30.0%) 16 (55.2%)
Headache 19 (59.4%) 6 (20.0%) 9(31.0%)
Vomiting 5(15.6%) 1(3.3%) 1(3.5%)
Mental change 0(0.0%) 0(0.0%) 0(0.0%)
Dyspnea 1(3.1%) 0(0.0%) 0(0.0%)
Anaphylaxis 0(0.0%) 0(0.0%) 0(0.0%)
Other 3(9.4%) 2(6.7%) 4(13.8%)
Sputum 2(6.3%) 0(0.0%) 0(0.0%)
Sore throat 0(0.0%) 1(3.3%) 0(0.0%)
Neck lymphadenopathy 0(0.0%) 1(3.3%) 2 (6.9%)
Diarrhea 1(3.1%) 0(0.0%) 0(0.0%)
Nausea 0(0.0%) 0(0.0%) 1(3.5%)
Dizziness 0(0.0%) 0(0.0%) 2(6.9%)

*One subject had hypertension (HTN), and the other had HTN and lym-
phoma in complete remission. Both subjects were on HTN medication.
Abbreviations: HCW, healthcare worker; HTN, hypertension.

RR = Infected /vaccinated with second dose

infected /unvaccinated

Vaccine ef fectiveness = 1 — RR
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All statistical analyses were performed using SPSS Statistics v.26 ~ ond dose, and 155.3-fold one month after the third dose. Ac-
(IBM Corp., Armonk, NY, USA), and P<0.05 was considered  cordingly, NAb concentrations increased 3.4- and 5.3-fold, re-
significant. spectively (Fig. 1).

The mean anti-S Ab concentration and NAb SIR two weeks The frequency of any side effects following the first to third
after the first dose turned to be positive. One month after the  doses were 93.8%, 63.3%, and 93.1% (Table 1). The most fre-
first dose, the anti-S Ab concentration increased and NAb SIR  quent side effects were myalgia, fever, and local pain after the
decreased slightly. The mean anti-S Ab concentration three  first dose and local pain, fatigue, and myalgia after the second
months after the first dose remained unchanged, and the NAb  and third doses. The NAb SIR was 47.1-fold higher (P<0.05,
SIR was decreased. After the second dose, increased anti-S Ab  GEE) in the group with systemic side effects than in that with-
and NAb SIR concentrations fell to the original concentrations  out. The differences in the NAb SIR according to local side ef-
at a rate slower than that after the first dose. After the third dose,  fects, sex, and age were not significant. According to the time
anti-S Ab concentration increased 44.3-fold, and NAb SIR in-  point of each dose, after the first dose, the NAb SIR was 18.2-
creased 1.8-fold, respectively. As for anti-S Ab concentrations,  fold higher in the group with systemic side effects than in that
compared to right before the second dose (three months after  without (P=0.044, t-test). After the second and third doses, the
the first dose), it increased 12.1-fold one month after the sec-  NAb SIR was 4.7-fold and 1.9-fold higher in the group with sys-
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Fig. 1. Mean concentrations and seropositivity rates of (A) anti-S Abs and (B) NAbs after the first to third doses of ChAdOx1-ChAdOx1-
BNT162b2. Horizontal bars at the top of the figures indicate fold-increases in Abs.
Abbreviations: Abs, antibodies; NAbs, neutralizing antibodies; SIR, signal inhibition rate.
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Fig. 2. Timeline of the COVID-19 outbreak among healthcare workers vaccinated with the first to second doses of ChAdOx1-ChAdOx1. The
second dose was administered on May 25-27, 2021. Dates highlighted in green indicate the period in which the outbreak occurred.
Abbreviation: N, number.
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temic side effects than in the group without, respectively, but
the differences were not significant.

A COVID-19 cluster outbreak among hospital HCWs occurred
on September 17, 2021, 4-5 months after the second dose (Fig.
2). Among 2,185 HCWs, 1,682 (77.0%) had received the sec-
ond dose of ChAdOx1, and 48 (2.9%) were infected. Of the 247
unvaccinated HCWs, eight (3.2%) were infected. The relative
RR was 88.0%, and the effectiveness of the second ChAdOx1
dose was 12.0% (Fisher’s exact test, P<0.05). The mean anti-S
Ab concentration and NAb SIR of HCWs who participated in this
study were 293.1 U/mL and 52.6%, respectively. In a popula-
tion-based cohort study of two-dose ChAdOx1 nCoV-19 vaccines
in Scotland [13], the effectiveness decreased from 83.7% at
2-3 weeks to 63.7% at 18-19 weeks after the second dose. Like
in our study, the Delta variant was dominant in Scotland from
May 19, 2021 to Oct 25, 2021. It was confirmed that Ab con-
centrations decreased over time after vaccination, and vaccine
effectiveness declined. Since we analyzed a hospital outbreak,
the effectiveness was lower than that in the Scotland study, but
the protective effect of vaccination was confirmed. Two months
before the second dose, the mean NAb SIR decreased from
40.8% to 17.9% (a 22.9% reduction). The decrease in NAb
SIR (17.9%) was lower than the cut-off concentration of 30.0%
(Fig. 1). However, two months before the third dose, the mean
NAb SIR decreased from 55.3% to 52.6% (a 2.7% reduction).
This decrease in the NAb SIR was smaller than that before, and
the NAb seropositivity rates and SIR remained higher than the
highest concentrations following the first dose. Therefore, after
the third dose, the NAb SIR is higher and remains high for a lon-
ger period than after previous doses.

By January 2022, the Omicron variant accounted for 50.3%
of SARS-CoV-2 infections in Korea [14]. The effectiveness of ex-
isting vaccines for the Omicron variant is substantially reduced
[15, 16]. According to the Korea Disease Control and Preven-
tion Agency [14], among those who received ChAdOx1-ChAdOx1-
BNT162b2, the mean geometric mean titers of 50% neutraliz-
ing dilution (GMT NDso) of the original strain and the Omicron
variant are 4,632.0 and 260.0, respectively. However, compared
to those right before the third dose, the GMT NDso after the third
dose increased by 21.0- and 28.9-fold, respectively. Memory T
cells induced by existing vaccines can effectively act on the Omi-
cron variants [17]. In heterologous ChAdOx1-BNT162b2 vacci-
nation, both humoral and cellular responses were higher than
those after homologous vaccination; NAb concentrations after
ChAdOx1-BNT162b2 vaccination were 31.9- and 1.9-fold higher,
respectively, than those after ChAdOx1-ChAdOx1 and BNT162b2-
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BNT162b2 vaccination [16], and cellular responses were 3.8-
and 2.3-fold higher [19], respectively. According to the UK Health
Security Agency [20], the effectiveness of a third dose of BNT-
162b2 following two doses of ChAdOx1 or BNT162b2 in terms
of symptomatic disease, hospitalization for six months, and mor-
tality up to three months against the Omicron variant was 40.0%—
75.0%, 75.0%-95.0%, and 85.0%-99.0%, respectively.

This study had some limitations. First, the sex and age groups
were not uniform owing to an insufficient number of subjects.
Second, a control group for comparing Ab concentrations (other
vaccinated or unvaccinated group) was not included. Third, Ab
concentrations were followed up until one month after the third
dose. However, our data are valuable for predicting Ab kinetics
because ChAdOx1-ChAdOx1-BNT162b2 is the most common
vaccination regimen in Korea. Moreover, we analyzed an in-hos-
pital outbreak to assess the effectiveness of vaccines.

In conclusion, we showed that the first to third doses of ChAd-
Ox1-ChAdOx1-BNT162b2 induced high Ab concentrations, and
our results suggested that NAb concentrations remain high for a
longer period after the third dose than after the first and second
doses. Although the outbreak occurred as the NAb SIR decreased
after the second dose, vaccine effectiveness was confirmed by
the lower infection rate. Therefore, maintaining appropriate Ab
concentrations through regular vaccination will help protect aga-
inst COVID-19.
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