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With the emergence and rapid spread of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) Delta and Omicron variants, escaping vaccine-induced immunity is a
concern. Three vaccination schedules, homologous or heterologous, have been initially
applied due to an insufficient supply of vaccines in Korea. We investigated neutralizing
activities against Omicron and Delta variants in each schedule. Three schedules using
three doses of the BNT162b2 (BNT) or the ChAdOx1 (ChAd) vaccines include ChAd-
ChAd-BNT, ChAd-BNT-BNT, and BNT-BNT-BNT. Neutralizing activities were evaluated
using plaque-reduction neutralization test (PRNT) against wild type (WT) SARS-CoV-2,
Delta variant, and Omicron variant. A total of 170 sera from 75 participants were tested,
and the baseline characteristics of participants were not significantly different between
groups. After the 2nd vaccine dose, geometric mean titers of PRNT ND50 against WT,
Delta, and Omicron were highest after ChAd-BNT vaccination (2,463, 1,097, and 107)
followed by BNT-BNT (2,364, 674, and 38) and ChAd-ChAd (449, 163, and 25). After the
3rd dose of BNT, the increase of PRNT ND50 against WT, Delta, and Omicron was most
robust in ChAd-ChAd-BNT (4,632, 988, and 260), while the BNT-BNT-BNT group
showed the most augmented neutralizing activity against Delta and Omicron variants
(2,315 and 628). ChAd-BNT-BNT showed a slight increase of PRNT ND50 against WT,
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Delta, and Omicron (2,757, 1,279, and 230) compared to the 2nd dose. The results
suggest that a 3rd BNT booster dose induced strengthened neutralizing activity against
Delta and Omicron variants. The waning of cross-reactive neutralizing antibodies after the
3rd dose and the need for additional boosting should be further investigated.
Keywords: neutralizing activity, Omicron variant, Delta variant, SARS-CoV-2, vaccine
INTRODUCTION

Approximately 2 years after the COVID-19 pandemic began, the
rapid spread of the Omicron (B.1.1.529) variant, a newly
reported variant of concern (VOC), became a high-priority
issue worldwide (Gu et al., 2022; WHO, 2022). Omicron was
first reported in South Africa on November 24, 2021 (WHO,
2022), and the first Korean case was identified on November 25,
2021 (Lee et al., 2021). Within 2 months of its introduction, the
Omicron variant became the dominant global strain (Lee et al.,
2021; Song et al., 2022). Similar to the Delta (B.1.617.2) variant
that sparked the global COVID-19 outbreak in late 2021,
Omicron escapes vaccine-induced immunity further via
multiple mutations in key epitopes for neutralizing antibodies
(Andrews et al., 2022; Buchan et al., 2022; Gruell et al., 2022). In
the Republic of Korea, nationwide COVID-19 vaccination using
the BNT162b2 (BNT; Comirnaty, Pfizer/BioNTech, Mainz,
Germany) or the ChAdOx1 (ChAd; Vaxzevria, to AstraZeneca,
Oxford, UK) vaccines was implemented in early 2021 with three
major homologous or heterologous two-dose vaccination
schedules, including ChAd-ChAd, ChAd-BNT, and BNT-
BNT, according to the vaccine-induced adverse events
(especially severe reactogenicity and vaccine-induced immune
thrombotic thrombocytopenia after ChAd) and vaccine supply
(Bae et al., 2021; Kim et al., 2021; Yang et al., 2021; Bae et al.,
2022). From late 2021, individuals were encouraged to receive a
3rd dose of BNT to overcome the immune escape of Delta and
Omicron. In this study, we investigated and compared
neutralizing activities against Omicron and Delta variants
after three-dose vaccination schedules.
MATERIAL AND METHODS

The Vaccination Group for Analysis
For the evaluation of neutralizing activities against the
Omicron and Delta variants, we selected 170 sera from 75
participants of a nationwide multicenter prospective cohort
(50 samples from 35 ChAd-ChAd-BNT participants, 60
samples from 20 ChAd-BNT-BNT participants, and
60 samples from 20 BNT-BNT-BNT participants) (Bae et al.,
2022). Details are presented in Supplementary Table
S1. All participants provided written informed consent,
and the study protocol was approved by the institutional
review board of each participating hospital. The laboratory
procedures for the plaque reduction neutralizing test (PRNT)
and methods for statistical analysis are presented in the
Supplementary Material.
gy | www.frontiersin.org 2
Plaque Reduction Neutralization Test
To evaluate the functionality of the vaccine-induced antibody
response, we performed PRNT against wild type (WT), Delta
variant, and Omicron variant of severe acute respiratory
syndrome virus 2 (SARS-CoV-2) (Harcourt et al., 2020; Okba
et al., 2020). SARS-CoV-2 dilutions to 40~50 PFU/well (WT,
bCoV/Korea/KCDC03/2020 NCCP No. 43326; Omicron,
Gyeonggi GRA: B.1.1.529 NCCP No. 43408; Delta, Gyeonggi
GK: AY.69 NCCP No. 43409) were prepared. Vero E6 cells were
inoculated with serum and virus mixtures on a 12-well plate and
incubated at 37°C, 5% CO2 for 1 h. After inoculums were
removed, cells were overlaid with 1 ml of modified Eagle’s
medium (Gibco, Gaithersburg, MD, USA) containing 0.75%
agarose and 2% fetal bovine serum (Gibco). The plates were
incubated at 37°C with 5% CO2 for 2 or 3 days. Stain solution
(0.07% crystal violet, 10% formaldehyde, and 5% ethanol) was
then added to the cells, and the visualized plaques were counted.
The 50% neutralizing dose (ND50) titer was calculated using the
Karber formula.
Statistical Analysis
For the three-group comparison of baseline characteristics and
clinical variables, one-way analysis of variance (ANOVA) was
used for continuous variables, and the Chi-square test was used for
categorical variables. For the two-group comparison of PRNT
ND50 results, Student’s t-test was used. A linear regression model
was used to evaluate the correlations between PRNT titers against
WT and VOCs. For the interpretation of the correlation
coefficient, R2 ≥ 0.7 was considered a strong correlation,
R2 ≥ 0.4 a moderate correlation, and R2 < 0.47 a week
correlation (Schober et al., 2018). All p-values were two tailed,
and values <0.05 were considered to be statistically significant.
GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA,
USA) was used for the analysis and graph plotting of the results.
RESULTS

Baseline characteristics of participants are presented in
Supplementary Table S1, and they were not significantly
different between groups. At 2–3 weeks after the 2nd vaccine
dose, the geometric mean titer (GMT) of PRNT ND50 against
WT, Delta, and Omicron was highest after the ChAd-BNT
vaccination schedule (2,463, 1,097, and 107) followed by the
BNT-BNT schedule (2,364, 674, and 38) and the ChAd-ChAd
schedule (449, 163, and 25) (Figure 1). Approximately 5 months
after the 2nd dose, PRNT ND50 waned, especially with the
July 2022 | Volume 12 | Article 948014
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ChAd-BNT schedule. However, the absolute values of GMT were
lowest in the ChAd-ChAd group.

After the 3rd dose of BNT, increases in PRNT ND50 against
WT, Delta, and Omicron differed among vaccination groups. In
the ChAd-ChAd-BNT group, robust increases of PRNT ND50

against WT (10.3-fold), Delta (6.1-fold), and Omicron (10.4-
fold) were observed, compared to peaks after the 2nd dose (all
p < 0.05). In the ChAd-BNT-BNT group, increases of PRNT
ND50 against WT (1.1-fold), Delta (1.2-fold), and Omicron (2.1-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
fold) were not statistically significant compared to those after the
2nd dose (all p > 0.05). In the BNT-BNT-BNT group, the
increases in PRNT ND50 against Delta (3.4-fold) and Omicron
(16.5-fold) were significant, but the PRNT ND50 against WT
(1.7-fold) was not.

After the 2nd vaccine dose, PRNT ND50 in the ChAd-BNT-
BNT group against WT, Delta, and Omicron was higher than in
other groups such as ChAd-ChAd-BNT and BNT-BNT-BNT.
Since then, the BNT-BNT-BNT group showed overall robust
A B

D E F
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C

FIGURE 1 | PRNT ND50 against Delta and Omicron variants compared to Wild-type SARS-CoV-2 for each vaccination schedule. (A–I) Log2 PRNT ND50 for
Omicron, Delta, and WT SARS-CoV-2 is presented for each vaccination group including ChAd-ChAd-BNT (A–C), ChAd-BNT-BNT (D–F), and BNT-BNT-BNT (G–I).
All values are expressed as the geometric mean titer (GMT) of each group, and the error bar indicates the 95% confidence interval (CI). Fold notation according to
color expresses decrease and increase. Blue text indicates fold reduction; red text indicates fold increase. Results of statistical significance compared with the sera
after the 2nd dose are presented above sera before the 3rd dose and after the 3rd dose (asterisks (***) denotes statistically significant difference; ns denotes not
significant). Green dots reflect Omicron variants, blue dots reflect Delta variants, and red dots reflect WT SARS-CoV-2 (GraphPad Software, San Diego, CA, USA).
PRNT, plaque reduction neutralizing test; ND50, 50% neutralization dose; WT, wild type; ChAd, ChAdOx1 vaccine; BNT, BNT162b2 vaccine.
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neutralizing activities except for PRNT ND50 in the ChAd-BNT-
BNT group against Delta (GMT 90, before 3rd dose) and in the
ChAd-ChAd-BNT group against WT (GMT 4632, after 3rd
dose) (Supplementary Figure S1).

To evaluate whether neutralizing activities against WT reflect
those against Delta or Omicron, PRNT ND50 results against strains
were compared using a log scale (Figure 2; Supplementary Figures
S2, S3). Among vaccination groups, PRNT ND50 against WT
consistently correlated well with PRNT ND50 against Delta
(R2 = 0.765, p < 0.001) (Schober et al., 2018). A linear correlation
between PRNT ND50 against WT and Omicron was also observed,
but the coefficient of determination was lower than that between
WT and Delta (R2 = 0.594, p < 0.001) and different between
vaccination groups. The R2 between PRNT ND50 against WT and
Omicron was lowest in the BNT-BNT-BNT group (0.414), followed
by the ChAd-BNT-BNT (0.612) and the ChAd-ChAd-BNT
(0.768) groups.
DISCUSSION

Several escapes from vaccine-induced immunity are a major
problem for emerging VOCs, especially for the Omicron variant.
Although more than 80% of the South Korean population
received at least two doses of COVID-19 vaccines, the
Omicron outbreak surged in March 2022. Previous studies
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
suggest that a 3rd dose of mRNA vaccine provides higher
protection against Omicron variants (Andrews et al., 2022;
Garcia-Beltran et al., 2022), but the effect of vaccination based
on schedule needs to be further investigated.

Of note, an increase in neutralizing activity after the 3rd dose
against Delta and Omicron was observed in all three vaccination
groups, but the magnitude of increase was different between
groups. After a 3rd BNT dose, the homologous BNT-BNT-BNT
group offers the most robust increase of neutralizing activity
against Delta (3.4-fold) and Omicron (16.5-fold), in contrast to a
modest increase against WT (1.7-fold). A 3rd BNT dose induced
an overall robust antibody response in the ChAd-ChAd-BNT
group, but the increase of neutralizing activity against Delta (6.1-
fold) and Omicron (10.4-fold) was not higher than that against
WT (10.3-fold). In the ChAd-BNT-BNT group, the increase in
neutralizing activity against WT (1.1-fold) and Delta (1.2-fold)
was not significant compared to the 2nd dose, while the PRNT
ND50 against Omicron showed a 2.1-fold increase. Our PRNT
data, which show that the BNT-BNT-BNT group has a higher
neutralizing activity than the ChAd-ChAd-BNT group, support
a vaccine effectiveness study conducted in the United Kingdom,
which found that the BNT-BNT-BNT group (67.2%; 95% CI,
66.5–67.8) had higher vaccine effectiveness against the
Omicron variant than the ChAd-ChAd-BNT group (62.4%;
95% CI, 61.8–63.0) (Andrews et al., 2022). Maturation of
neutralizing antibodies after a 3rd dose of homologous
A B

D E F

C

FIGURE 2 | PRNT ND50 correlation between WT and Delta or Omicron variant. (A–F) Log10 PRNT ND50 among strains was compared using a linear regression model.
When interpreting the correlation coefficient, R2 ≥ 0.7 was considered a strong correlation, R2 ≥ 0.4 a moderate correlation, and R2 < 0.47 a week correlation (Schober et al.,
2018). (A–C) WT and Delta variants show a consistently strong correlation regardless of vaccination groups. (D–F) Linear correlation between PRNT ND50 against WT and
Omicron was also noticed, but the coefficient of determination was lower than that between WT and Delta (moderate correlation). Homologous boosting included sera after
BNT-BNT, BNT-BNT-BNT, and ChAd-ChAd, while heterologous boosting included sera after ChAd-BNT, ChAd-BNT-BNT, and ChAd-ChAd-BNT. PRNT, plaque reduction
neutralizing test; ND50, 50% neutralization dose; WT, wild type; ChAd, ChAdOx1 vaccine; BNT, BNT162b2 vaccine.
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mRNA vaccination was previously published (Garcia-Beltran
et al., 2022), but the effect of heterologous boosting has not been
fully investigated. In the present analysis, we noticed that cross-
reactive neutralizing activity against Delta and Omicron
variants was most effectively induced by homologous
boosting with three doses of mRNA vaccines. Although
heterologous 2nd dose of BNT following ChAd (ChAd-BNT)
induced higher cross- reac t iv i t y than homologous
immunizations (BNT-BNT or ChAd-ChAd), antibody titers
decreased most rapidly. The 3rd dose of BNT also did not
induce a robust boosting response compared to the 2nd dose. In
addition to the longevity of cross-reactive neutralizing
antibodies after the 3rd dose, further maturation of
neutralizing antibodies might occur after a 4th dose of
vaccine, which needs to be further investigated in each
vaccination group.

In addition, we also demonstrated that the correlation
between neutralizing activity against WT and Omicron was
less linear than that between WT and Delta. A previous study
using pseudo-virus also suggested a poor correlation between
WT and Omicron PRNT (Garcia-Beltran et al., 2022). These
findings suggest that measuring neutralizing antibodies against
WT is not sufficient to predict protection against Omicron and
future-emerging VOCs. Also, binding antibody test kits
developed based on the WT SARS-CoV-2 also need to be
validated. This is especially important considering the
outbreak situation following the initial wave caused by
Omicron. Subvariants of Omicron such as BA2.12.1, BA.4,
and BA.5 quickly have been surging to dominance in many
parts of the world and might be better at evading vaccine-
induced immunity.

The present study has several limitations and strengths. First,
the number of participants was limited as PRNT requires time
and skilled personnel. However, most recently, studies evaluating
neutralizing activities utilized pseudovirus neutralizing assays or
surrogate virus-neutralizing tests (Garcia-Beltran et al., 2022).
Our present analyses using the PRNT method help reflect the
actual protective immunity against Delta and Omicron variants.
Second, as all participants were relatively young and healthy, our
data might not reflect those with high comorbidities or those of
older age. Nevertheless, a homogenous study population would
be suitable for comparing the vaccine-induced immunity of each
vaccination group.

In conclusion, a 3rd BNT booster dose induced strengthened
neutralizing activity against Delta and Omicron variants. The
waning of cross-reactive neutralizing antibodies after the 3rd dose
and the need for additional boosting should be further investigated.
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