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Abstract

The coronavirus 2019 omicron variant has surged rapidly and raises concerns about
immune evasion even in individuals with complete vaccination, because it harbors
mutations. Here we examine the capability of booster vaccination following
CoronaVac/AZD1222 prime to induce neutralizing antibodies (NAbs) against
omicron (BA.1 and BA.2) and T-cell responses. A total of 167 participants primed
with heterologous CoronaVac/AZD1222 for 4-5 months were enrolled, to receive
AZD1222, BNT162b2, or mRNA-1273 as a third dose. Reactogenicity was recorded.
Immunogenicity analyses of severe acute respiratory syndrome coronavirus
2-binding antibodies were measured using enzyme-linked immunosorbent assay.
The NADb titers against omicron BA.1 and BA.2 were determined using the focus
reduction neutralization test (FRNT50) and total interferon-y responses were
measured to observe the T-cell activation. A substantial loss in neutralizing potency
to omicron variant was found at 4-5 months after receiving the heterologous
CoronaVac/AZD1222. Following booster vaccination, a significant increase in
binding antibodies and neutralizing activities toward delta and omicron variants

was observed. Neutralization to omicron BA.1 and BA.2 were comparable, showing
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1 | INTRODUCTION

As of November 2021, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) omicron (B.1.1.529) variant quickly
surged worldwide and raised concern about immune evasion. Due to
high transmissibility and the potential to evade immunity, the World
Health Organization Technical Advisory Group on SARS-CoV-2 Virus
Evolution declared the omicron as a variant of concern.?2 Omicron
variant is now reported in more than 190 countries and causes the
global case count of over 10 million weekly cases between December
2021 and March 2022.2 During the omicron wave, the mortality rate
was 0.27% over positive cases and 0.021% overpopulation as of
February 2022.* The total number of estimated infections was about
twofold higher for omicron and showed a twofold lower rate of
mortality relative to delta.®

The omicron variant is characterized by many mutations in the
spike protein. Among these, 15 mutations located on the receptor-
binding domain (RBD), which are responsible for interactions with the
angiotensin-converting enzyme 2 (ACE2) receptor, and 8 amino acid
changes are found at the N-terminal domain (NTD).° In a study of
mutated RBD profiles, various omicron mutations capable of escaping
human neutralizing antibodies (NAbs) were found to contain epitopes
overlapping the ACE2-binding motif, indicating evasion of immunity
and reduction in vaccine effectiveness.” Furthermore, mutations in
NTD related to partial escape from the Nabs have been reported.®
These findings are consistent with other clinical data demonstrating
that the emergence of the omicron variant has led to an increase in
the risk of reinfection.” During the ongoing viral evolution, the
omicron variant has been divided into four subvariants, including
BA.1, BA.1.1, BA.2, and BA.3.1° Among them, BA.1 surged earlier and
became the dominant subvariant circulating worldwide. However, the
BA.2 subvariant has recently increased in multiple countries and
appears to be more transmissible than BA.1.'' Previous studies
suggest that BA.1 and BA.2 are highly resistant to neutralization by
monoclonal antibody therapy and vaccine-induced immunity.'%2

Another concern is the waning immunity that occurs over time. A
previous study indicates that the IgG antibodies declined a consistent

rate at 6 months after second dose of the messenger RNA (mRNA)

the highest titers after boosted mRNA-1273 followed by BNT162b2 and AZD1222.
In addition, individuals boosted with messenger RNA (mRNA) vaccines develop a
T-cell response to spike protein, whereas those boosted with AZD1222 did not.
Reactogenicity was mild to moderate without serious adverse events. Our findings
demonstrated that mRNA booster vaccination is able to overcome waning immunity

to provide antibodies that neutralize omicron BA.1 and BA.2, as well as a T-cell

AZD1222, booster vaccine, COVID-19, heterologous, mRNA vaccine, omicron

vaccination, whereas NAbs declined rapidly over the first 3 months
followed by a relatively slower decrease after that point.'* A
reduction in NAbs is related to an increased risk of symptomatic
SARS-CoV-2 infection and reduced vaccine effectiveness.’®> More-
over, omicron variants were poorly or not at all neutralized in the sera
sampled 5 months after completing the two-dose BNT162b2 or
AZD1222 vaccination courses.'® Due to the emergence of omicron
and waning immunity, a booster vaccination program has been
implemented in many countries.'”*® Thus, data on boosting
immunity against omicron variant are needed.

Besides humoral immunity, cell-mediated immunity also plays an
essential role in limiting the SARS-CoV-2 infection'? and reducing
disease severity in acute coronavirus 2019 (COVID-19) patients.?°
The SARS-CoV-2-specific T cells persist at least 6 months after
receiving the two-dose regimen of either mRNA or adenoviral-
vectored vaccines, whereas the levels of NAb severely declined.?*
Furthermore, SARS-CoV-2-specific T cells induced by vaccination or
previous infection are highly cross-reactive with the omicron variant
and the omicron cross-reactive T cells exhibiting the polyfunctional
profiles were not significantly different compared with ancestral
strain and other SARS-CoV-2 variants.?2 These findings indicate that
a few mutations in the spike can minimally affect T-cell recognition.

Seven vaccines have now been authorized in Thailand: (1) inactivated
CoronaVac, (2) BBIBP-CorV, (3) adenoviral-vectored ChAdOx1-S/
AZD1222, (4) Ad26.COV2.S, (5) mRNA-based BNT162b2, (6) mRNA-
1273, and (7) protein-based NVX-CoV2373 vaccines.®> However, the
vaccine effectiveness and capability of inducing immune responses differ
with different types of vaccines and are affected by emerging variants.2*
Our previous study indicated that mRNA vaccine- or AZD1222-boosted
individuals after a two-dose CoronaVac course elicited a higher immune
response than in those receiving boosted inactivated vaccines.?® In the
COV-BOOST trial, the heterologous boost after either two-dose of
AZD1222 or BNT162b2 prime showed an increased humoral and cell-
mediated immune response compared to homologous booster vaccina-
tion, although the reactogenicity was increasing in some heterologous
boosted combination.?® However, information about the effects of
booster vaccinations on safety and immune responses against omicron

variants following heterologous primed has been limited.
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Due to the limited vaccine supply, Thailand has administered the
heterologous CoronaVac followed by AZD1222 vaccination as an
alternative regimen for combatting the delta variant. This regimen
could induce a higher immune response than the homologous
CoronaVac regimen.?” However, the antibodies wane over time,
and the emergence of the omicron variant has raised concerns about
booster vaccinations. In this study, the safety and capability of
inducing NAbs against the omicron variant (BA.1 and BA.2
subvariants) and T-cell responses after receiving AZD1222,
BNT162b2, or mRNA-1273 as a booster dose in individuals who
were previously vaccinated with the heterologous CoronaVac/
AZD1222 regimen were evaluated.

2 | METHODS

2.1 | Study design and ethical considerations

In a cohort study, 167 individuals aged 18 years and older, with received
CoronaVac followed by AZD1222 as a primary series vaccine regimen at
least 4-5 months earlier were eligible for recruitment. The exclusion
criteria included the individuals with a previous laboratory-confirmed
SARS-CoV-2 infection, history of comorbidities that might potentially
induce the reactogenicity after vaccination, history of anaphylaxis,
pregnancy, and current use of anticoagulants. The eligible participants
were offered immunization with one of three approved vaccines,
including AZD1222, BNT162b2, or mRNA-1273 vaccines. The cohort
study started between November 30, 2021 and January 24, 2022.
Blood samples were collected at baseline (Day 0) and on Days 14 and
28 after booster vaccination. The study protocol was reviewed and
approved by the Institutional Review Board of the Faculty of Medicine,
Chulalongkorn University (IRB numbers 871/64) and performed under
the Declaration of Helsinki and Good Clinical Practice principles.
This study was registered with the Thai Clinical Trials Registry
(TCTR20211120002). All participants signed a written consent before
being enrolled in this study.

2.2 | Study vaccines

The study vaccines used as booster doses included AZD1222
(AstraZeneca),?® BNT162b2 (Pfizer-BioNTech Inc.),?’ and mRNA-
1273 (Moderna Inc.).*® All vaccines were designed using the

SARS-CoV-2 spike of ancestral strain as a template.

2.3 | Reactogenicity assessment

Participants were observed adverse events (AEs) at least 30 min after
vaccination. At the baseline visit, the participants were given the AEs
report form to self-record within 7 days after immunization. AEs
report forms recorded the solicited local and systemic AEs, and
unsolicited and AEs of special interests. The solicited local and

3
MEDICAL VIROLOGY — V1 LEY—‘—

systemic AEs were classified as mild (no limitation on normal activity),
moderate (some limitation of daily activity), and severe (unable to

perform or prevented daily activity).

2.4 | Measurement binding antibody and
neutralizing activity using enzyme-linked
immunosorbent assay (ELISA)-based assay

All sera samples measured anti-RBD IgG and anti-nucleocapsid (N)
IgG using ELISAs (Abbott Diagnostics). The anti-RBD I1gG was
expressed as a binding antibody unit (BAU/ml) and a value>7.1
was considered positive. Anti-N IgG reported as S/C ratio (optical
density (OD) sample divided by calibrator) with a value 21.4 was
considered positive. In addition, a subset of samples was randomly
selected to perform surrogate virus neutralization assay (SVNT)
against delta and omicron variants using a cPass™ SAR-CoV-2 NAb
detection kit (GenScript Biotech) as previously described.?” Neutral-
izing activity was reported as the percentage of inhibition (inhibition
[%] =[1-OD value of sample/average OD of negative control] x
100). A value = 30% was defined as positive, indicating the presence

of NAbs. The lower limit of detection was set as 0% inhibition.

2.5 | Focus reduction neutralization test (FRNT50)
Live SARS-CoV-2 NAb titers in a subset of serum samples were
determined using a 50% focus reduction neutralization test (FRNT50)
against omicron BA.1 (accession number: EPI_ISL_8547017) and BA.2
(EPI_ISL_11698090) subvariants. Briefly, heat-inactivated sera were
used to prepare serial dilutions starting from 1:10 to 1:7290 and
incubated with live virus for 1 h at 37°C. The virus-sera mixtures were
transferred to monolayers of Vero cells in a 96-well plate and incubated
for 2 h. Foci development evaluation and infected cell counting were
performed as previously described.®? The focus reduction percentage
for an individual sample was calculated and the half-maximal inhibitory
concentration was evaluated using PROBIT software. If no neutraliza-
tion was observed, the FRNT50 was set as 10, which is one dilution step

below the lower limit of detection (dilution 1:20).

2.6 | Quantification of interferon-y (IFN-y)
response

The SARS-CoV-2-specific T-cell response was evaluated by using a
commercially available IFN-y release assay in whole blood according to
the manufacturer's instructions (QuantiFERON, Qiagen). Heparinized
whole blood was incubated with different antigens, including negative
(Nil), positive (Mitogen), and two different SARS-CoV-2 antigens (Agl
and Ag2). The Agl tube was coated with S1 subunit (RBD) peptides
with CD4+ stimulation and Ag2 contained S1 +S2 peptides for CD4+
and CD8+ stimulation. After stimulation, total IFN-y production was
measured as previously described.?” The results were calculated from
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a standard curve and expressed as IU/ml after subtraction of the Nil
control. The total IFN-y with a value 20.15 IU/ml and 225% of Nil

were considered a positive response against SARS-CoV-2.

2.7 | Statistical analysis

Baseline characteristics were expressed as number or percentage and
median with interquartile ranges (IQRs). The AEs were presented as the
frequency of each solicited AEs and determined the risk difference
between vaccine groups. The levels of binding antibody and NAbs were
presented as geometric mean titers. A comparison of log-transformed
data was determined using one-way analysis of variance with
Bonferroni adjustment. The Kruskal-Wallis test with Dunn's posthoc
correction and Mann-Whitney test were used for unpaired samples,
whereas the Friedman and Wilcoxon signed-rank tests were used for
paired samples in cases in which data were not normally distributed.
Spearman's R was used to determine the correlation. A p <0.05 was
considered statistically significant. All statistical analyses were per-
formed using SPSS v23.0 (IBM Corp.). Figures were generated using
GraphPad Prism v9.0 (GraphPad) and R version 3.6.0 (R Foundation).
Details of statistical analysis for each experiment are described in the
figure legends.

3 | RESULTS

3.1 | Study participants

A total of 167 vaccinated individuals who received heterologous
Coronavac/AZD1222 were enrolled to receive AZD1222 (n=60),
BNT162b2 (n=55), and mRNA-1273 (n = 52) with a booster interval

(A) ‘ Vaccines iCOronaVac iAZD1222 EBNHGZbZ EmRNA-1273 ‘
1st dose 2" dose 3 dose
AZD1222 f 14d 28d
(n=60) o ” :} } + il
~ 4 weeks ~ 4-5 months F F U
t nd rd
BNT162b2 1stdose 2" dose 3 dose
(n=55) # & & 1w s
" ~4weeks  ~4-5months F i U
——— 1t dose 2nd dose 31 dose
m -
(n=52) } } )4&‘ 14d 28d

" ~4weeks

~ 4-5 months F : F

* All participants have been received heterologous CoronaVac/AZD1222

ranging from 4 to 5 months post second dose (Figure 1A). Overall,
participants included 83 (49.7%) women and 84 (50.3%) men with
ages ranging from 19 to 64 years. The mean age of participants who
received AZD1222 was 41.2 years (IQR: 38.5-43.9), BNT162b2 39.0
years (IQR: 36.4-41.6), and mRNA-1273 43.9 years (IQR:40.9-46.8),
as booster doses were not significantly different (Table 1). Addition-
ally, no statistically significant differences were observed in the time
intervals between the first and the second doses for any group.
However, the median interval between the second and third dose in
AZD1222 (125 days, IQR: 118-134.5) was slightly shorter (but not
statistically significant) than BNT162b2 (130 days, IQR: 110-141)
and mRNA-1273 (131 days, IQR: 102.3-133).

3.2 | Increase binding antibodies level after boost

Waning immunity against SARS-CoV-2 in heterologous CoronaVac/
AZD1222 primed individuals was determined. The anti-RBD IgG at 1
month (n=35) as reported in a previous study?” was individually
compared with 4-5 months after the second dose (baseline in this
cohort) as shown in Supporting Information: Figure 1. As expected, a
significant drop (5.9-fold) in anti-RBD IgG within 4-5 months
(109.6 BAU/ml) occurred compared with 1 month post second dose
(652.1 BAU/ml; p < 0.001). This result indicates a decline in immunity
over time in vaccinated individuals who received heterologous
CoronaVac/AZD1222. Following booster vaccination, the anti-RBD
IgG significantly increased and peaked at Day 14 for all vaccines
(p <0.001) as shown in Figure 1B. Comparing pre- and post-boost,
mRNA-1273-boosted individuals achieved an anti-RBD IgG with a
23-fold increase (126.9 vs. 2921 BAU/ml) and showed a higher level
than the other vaccine groups, whereas BNT162b2 and AZD1222
groups were induced by 15.8-fold (152.1 vs. 2404 BAU/ml) and

B) |
GMT 142 3709 360.8 152.1
105

AZD1222 || BNT162b2 || mRNA-1273 |

3584 2404 1269 4093 2921

104

103

102

anti-RBD IgG (BAU/mL)

10!

days post 3rd dose

FIGURE 1 Study design and measurement of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-specific receptor-binding
domain (RBD)-binding antibody responses. Schematic depicting a total of 167 vaccinated individuals with heterologous CoronaVac/AZD1222
enrolled in cohort study. They were assigned to receive booster vaccines, either AZD1222 (n = 60), BNT162b2 (n = 55), or mRNA-1273 (n = 52),
and blood samples were collected on Days 0, 14, and 28 after booster vaccination (A). The anti-RBD IgG (BAU/ml) in sera from boosted
individuals with different vaccines, AZD1222 (purple), BNT162b2 (green), and mRNA-1273 (yellow), were compared (B). Error bars in B indicate

the geometric mean titers (GMTs).



SUNTRONWONG ET AL 5
MEDICAL VIROLOGY — WV I LEY—I—

2.5-fold (142 vs. 360.8 BAU/ml) higher than baseline. Most boosted (Figure 2B). By comparison, it was noted that individuals boosted with
individuals were seronegative for anti-N IgG, indicating no SARS- mRNA vaccines demonstrated a higher level of neutralizing activity than
CoV-2 exposure during the study period (Supporting Information: those boosted with AZD1222. The median of neutralizing activity to
Figure 2). Although one participant had an anti-N IgG level above the omicron was 10.1% for AZD1222, 55.9% for BNT162b2, and 78.2% for
cutoff value, the anti-RBD IgG level was comparable with other mRNA-1273 after booster vaccination. Although neutralizing activity

participants at baseline, suggesting the anti-N IgG may be induced by against omicron was significantly lower than that against the delta
variant, most individuals have detected the neutralizing activity against

omicron after receiving booster mRNA vaccines (Figure 2C).

CoronaVac prime vaccination.

3.3 | Neutralizing activity to delta and omicron

measured using sVNT 3.4 | Comparison of NADb titers to omicron BA.1
and BA.2

Neutralizing activity to the delta and omicron variants was measured in

sera at baseline and 28 days post-boost using the surrogate virus The functional NAb titers against omicron BA.1 and BA.2 were

neutralization test. All boosted individuals could restore neutralizing quantified using a live virus neutralization test (FRNT50). At baseline,

activity to delta by more than 90% (Figure 2A). Although baseline 80% (24/30) and 43% (13/30) of vaccinated individuals with

neutralizing activity to omicron declined at 4-5 months after the second heterologous CoronaVac/AZD1222 had NAbs to omicron BA.1 and

dose, a 20% (6/30), 83% (25/30), and 90% (27/30) of individuals BA.2, respectively, which dropped below detectable levels (Figure 3).
boosted with AZD1222, BNT162b2, and mRNA-1273, respectively, After 28 days post-boost, NAb titers against omicron BA.1 were 40.3,
were detected to possess omicron variant neutralizing potential 171.0, and 271.6 after AZD1222, BNT162b2, and mRNA-1273

TABLE 1 Characteristics of participants in the study.

Characteristics Total (n=167) AZD1222 (n = 60) BNT162b2 (n =55) mRNA-1273 (n = 52)
Sex (n, %)

Female 83 (49.7%) 37 (61.7%) 26 (47.3%) 20 (38.5%)

Male 84 (50.3%) 23 (38.3%) 29 (52.7%) 32 (61.5%)
Age in years (mean, range) 41.3 (35-48) 41.2 (38.5-43.9) 39.0 (36.4-41.6) 43.9 (40.9-46.8)
Interval between 1st and 2nd dose (median, IQR) 27 (21-28) 24 (21-28) 27 (21-28) 27 (24.3-28)
Interval between 2nd and 3rd dose (median, IQR) 130 (110-135) 125 (118-134.5) 130 (110-141) 131 (102.3-133)

Abbreviation: IQR, interquartile range.

(A) sVNT against delta (B) sVNT against omicron (BA.1) (C) sVNT delta vs omicron (BA.1)
[ AzD1222 || BNT162b2 |[ mRNA-1273 | [ AzD1222 | [ BNT162b2 | [ mRNA-1273 | [ AzD1222 | [ BNT162b2 | [ mRNA-1273 |
732% 935%  72.8% 97.3% 71.4% 97.3% 0%  10.1% 72% 55.9% 6.8% 78.2% — — —
100 100 100+ $ &
ogg o o° %)
5 80 o ° iy c 80 o338 807
= 040 S ° 6
2 60 . E 60 e £ 60-
-g . '§ ‘ ° 2 2
o
R4 = £ 8 3 &1 E 40 '\
o o2 - 2 8 Q. 2
20 e 204 o % °o |8 20- o
1 - ;;; i (5] @ |- °
0 : r T T . 0 ol 7 r T 5 T T T T
28 0 28 0 28 0 28 0 28 0 28 delta omicron  delta omicron delta omicron

Days post 3rd dose Days post 3rd dose 28 Days post 3rd dose

FIGURE 2 Neutralizing activities measured using surrogate virus neutralization test against delta and omicron (BA.1). A subset of samples
from boosted individuals with AZD1222 (purple), BNT162b2 (green), and mRNA-1273 (yellow), which was randomly selected to test the
surrogate virus neutralization test (sVNT) that included sera collected at baseline (n = 15/group) and sera collected at 28 days post-boost (n = 30/
group). Neutralizing activities against delta (A) and omicron (BA.1) (B) were compared between pre- and post-booster vaccination. Numbers
above the bar graph indicate the percentage of inhibition between human angiotensin converting enzyme 2 and receptor binding domain (ACE-2
and RBD, respectively) proteins. A comparison of the neutralizing activity between delta and omicron variants at 28 days after booster
vaccination is shown in (C). Median values are shown as horizontal bars. Dotted lines indicate cut-off values (30%). The comparison was perform

using Wilcoxon signed-rank test (two-tailed). ***p < 0.001.
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boosters, respectively, reflecting a 3.16-, 9.91-, and 24.78-fold
increase compared with baseline, respectively (Figure 3A). The NAb
titers against omicron BA.2 in AZD1222, BNT162b2, and mRNA-
1273 groups were 59.3, 130.7, and 235.3, which reached a 2.43-,
4.63-, and 19.67-fold induction relative to baseline, respectively
(Figure 3B). This finding indicates that the omicron variant is more
susceptible to neutralization by sera from individuals boosted with
mRNA vaccines (BNT162b2 and mRNA-1273) than those boosted
with AZD1222. Overall, the NAb titers to BA.1 and BA.2 were
comparable. By comparison, the NAb titer to BA.2 was 1.47-fold
higher in the AZD1222 group and 1.31- and 1.15-fold lower in the
BNT162b2 and mRNA-1273 groups, respectively, compared with

BA.1 (Figure 3C). Moreover, it was shown that anti-RBD IgG and
sVNT to omicron correlated well with the NADb titers against omicron
BA.1. and BA.2 as measured using the live virus neutralization test
(FRNT50), as shown in Supporting Information: Figure 3.

3.5

| Total IFN-y response

Besides the NAbs, the T-cell response were assessed by measuring
total IFN-y responses in whole blood from AZD1222-, BNT162b2-,
and mRNA-1273-boosted individuals after S1 (RBD) peptides for
CD4+ stimulation or Agl (Figure 4A) and S1+ S2 peptides for CD4+

(A) NADb titers to omicron (BA.1) (B) NADb titers to omicron (BA.2) (C) Omicron BA.1 vs BA.2
[ AZD1222 ][ BNTi62b2_|[ mRNA-1273 | [ Azp1222 ][ BNT162b2 |[ mRNA-1273 | [ Azp1222 |[ BNT162b2 |[ mRNA-1273
ns ns ns
= 1041 3.16x ; 9.91x 24.78x 10 | 2.43x . 4.63x g | 19.67x : 10% r 1 T 1 r 1
5 4034 1710 T 59.27 | 1307 T 40.34 59.27 : 171.0 1307
= 1275 Poras i 8 4 196 B
5 10%4 2 10 21034
BE o g .-
=1 g3 B3
E L E $ 10 E 81024
5 £10 8104 S “a
& g g
100 T T T T T T 10% T T T T T T 100 T T T T
0 28 0 28 0 28 0 28 0 28 0 28 BA1 BA2 BA1 BA2
Days post 3rd dose Days post 3rd dose 28 Days post 3rd dose

FIGURE 3 Neutralizing antibody (NADb) titers against omicron BA.1 and BA.2 measured using focus reduction neutralization test (FRNT50). A subset
of samples from boosted individuals with AZD1222 (purple), BNT162b2 (green), and mRNA-1273 (yellow), which was randomly selected to test the

FRNTS50 included sera collected at baseline (n = 10/group) and sera collected at 28 days post-boost (n = 30/group). NAb titers against omicron BA.1 (A)
and omicron BA.2 (B) were compared between baseline (Day 0) and 28 days post-booster vaccination with different vaccines. Numbers above the plot
indicate the geometric mean titers (GMTs). Fold increases for each comparison are denoted. NADb titers against BA.1 and BA.2 at 28 days after booster
vaccination were compared (C). Statistical analysis was done using Wilcoxon signed-rank test (two-tailed). The horizontal dotted line indicates the limit of
detectable value of FRNT50. Values below the limit of detection (<20) were set at a titer of 10 before statistical analysis. ns, no significant difference.

(A) Level of total IFN-y stimulated by CD4+ epitopes (B) Level of total IFN-y stimulated by CD4+/CD8+ epitopes
[ Azp1222 | [ BNT162b2 || mRNA-1273 | [ AzD1222 | [ BNT162b2 || mRNA-1273 |
ns Kok il ns Skk ns ns *k fd *% Sk ns
g, Lo —r— 104 ©— 7 f 'Ol_ol Lo | |
[} 2 ©
— —~ 81
2o1 2 °
3 o 5 6l o ° o
~ = )
ZH ° S o ©
' 8 ° @ 8 T 4 o 4 g §
ol [} o] o N
=] ) ° ° o
< 24 ] ® ° [¢] o o < 8 ) 2 o g
[} -
= = g g s o344t d
0T ST 058 Ol o] © 8 B e
L] ]
T T T T T T T T T ? T T T T T T T T
0 14 28 0 14 28 0 14 28 0 14 28 0 14 28 0 14 28
Responder 57% 47% 18%  50% 87% 90%  37% 97% 93% Responder 57%  63% 36%  63% 93% 97%  53% 97% 97%
Median 0.19 0.12 0.03 014 1.22 0.73 0.1 1.09 0.94 Median 0.28 027 0.04 0.21 1.71 1.31 016 1.85 1.54.

FIGURE 4 Comparison of total interferon-y (IFN-y)-releasing T-cell responses to severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) antigens. Heparinized whole blood samples from vaccinated individuals receiving heterologous CoronaVac/AZD1222 followed by a third
booster with AZD1222 (n = 30, purple), BNT162b2 (n = 30, green), or mRNA-1273 (n = 30, yellow) were stimulated by Ag1, which is a CD4+
epitope derived from receptor-binding domain (RBD), minus negative control (Nil) (A), and Ag2 which is CD4+ and CD8+ epitopes derived from
S1 and S2 subunits, minus negative control (Nil) (B). Horizontal bars indicate the median. The cut-off values were represented by horizontal
dotted line. Levels of IFN-y above cut-off values (0.15 IU/ml and 225% of Nil) indicate a reactive response. Statistical analysis was done using
Wilcoxon signed-rank test (two-tailed). ns, no significant difference; **p < 0.01; ***p < 0.001.
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and CD8+ stimulation or Ag2 (Figure 4B). At baseline, 47% (43/90)
and 57.7% (52/90) of participants could elicit IFN-y responses after
Agl and Ag2 stimulation after 4-5 months post second dose.
Following booster vaccination, IFN-y levels significantly increased at
14 days after receiving BNT162b2 and mRNA-1273 as booster
doses. Notably, 90%-97% of individuals boosted with BNT162b2
and mRNA-1273 could induce IFN-y responses after stimulation with
the spike protein of the ancestral strain. On the contrary, no
difference in IFN-y response in those boosted with AZD1222
compared with baseline was found. This result indicates that
individuals boosted with BNT162b2 and mRNA-1273 vaccines could
induce a T-cell response, which elicits a higher level of IFN-y
response, but this process was not observed in those boosted with
the AZD1222 vaccine.

3.6 | Reactogenicity after booster vaccination

Local and systemic reactogenicity were self-reported within 7 days
after booster vaccination. A high frequency of AEs was observed
within 2-3 days following the booster dose and were predominantly
mild to moderate (Supporting Information: Figure 6). Boosted
individuals with BNT162b2 and mRNA-1273 vaccines reported
greater local and systemic reactogenicity than those receiving the
AZD1222 vaccine. Overall, the most common AEs observed in
boosted individuals were injection site pain, redness, and swelling
indicating local AEs, whereas myalgia headache and chills were
frequently reported as systemic AEs (Figure 5). However, no serious
AEs were reported.

4 | DISCUSSION

This study demonstrated the NAb response against omicron BA.1
and BA.2 subvariants and T-cell responses after boosting with
AZD1222, BNT162b2, and mRNA-1273 in vaccinated individuals
who had received heterologous CoronaVac/AZD1222 prime. It was
found that a booster vaccination could restore the binding antibody
response and induce NADb titers against omicron BA.1 and BA.2. Of
note, our findings indicate that individuals boosted with mRNA-1273
and BNT162b2 vaccines could induce humoral and T-cell responses
higher than those boosted with AZD1222. Although mRNA vaccines
showed a higher frequency of AEs than AZD1222 vaccine, the
reactogenicity was in acceptable ranges, indicating a good safety
profiles after booster vaccination.

It was found that individuals who received the heterologous
CoronaVac/AZD1222 vaccination exhibited a 5.9-fold reduction in
binding antibody and less detectable NAbs to omicron variants after
4-5 months post second dose, indicating waning of vaccine-induced
immunity.** It has been well established that booster vaccinations
could overcome the waning immunity.*®2>2532 Rapid elevation in
binding antibodies after boosting with mRNA and adenoviral-
vectored vaccines were found. Similar results have been reported

MEDICAL VIROLOGY

after receiving either a viral-vectored or an mRNA vaccine as a third
dose, indicating that it was sufficient to recall the memory B cells.®?

NAb titers is a highly predict the immune protection against
SARS-CoV-2 infection. Higher levels of NAbs correlated with a
reduced risk of infection and severe disease.® Our study found a
substantial loss of NAb titers against omicron variants at pre-booster
vaccination. This effect might be related to harboring of mutations
concentrated around the RBD.” However, the NAb titers against
omicron were retained upon booster vaccination even though the
current vaccines composition was based on the ancestral strain.
Consistent results were observed after receiving mRNA vaccine
following either homologous inactivated, adenoviral-vectored, or
mRNA-based vaccines prime.18252¢33 Although the low number of
omicron-neutralizing memory B cells produced after two-doses of
mRNA vaccination has previously been reported, their coverages
were improved through affinity maturation over time and might be
sufficient to expand the coverage of neutralization against SARS-
CoV-2 variants after receiving a booster dose.®* Furthermore, a
reduced neutralizing activity against omicron compared with delta
variant was found. Similar results were found concerning neutralizing
activity to omicron, which was reduced by 6- to 23-fold lower than
delta after booster vaccination.'®

With the surge of omicron BA.1 and BA.2 subvariants, a
substantial loss of NAbs to omicron BA.1 and BA.2 subvariants was
observed in vaccinated individuals with two doses of mRNA vaccine
and patients who previously were infected with wild-type SARS-
CoV-2.2% Furthermore, a study of the NAb of omicron subvariants
indicated that a 23-fold reduction for BA.1 and a 27-fold reduction
for BA.2 was observed compared with wild type in vaccinated
individuals who received the two doses of BNT162b2 vaccine.>® Our
findings indicate that booster vaccination with mRNA and adenoviral-
vectored vaccines could increase the NADb titers and coverage against
omicron BA.1 and BA.2. Consistent results showed an improvement
in neutralization sensitivity against BA.1 and BA.2 after individuals
were boosted with the mRNA vaccine.>*3¢ Although both subvar-
iants shared several common amino acid changes, the unique
mutations found in each subvariant might affect the differences in
neutralization potency.3> However, it was found that the NAb titer of
BA.1 and BA.2 were comparable and trended higher in the
adenoviral-vectored booster and lower in mRNA vaccines. A recent
study showed a 1.4-fold lower NAb titer to BA.2 compared with
BA.1.3® This result indicates that booster vaccination is a useful
strategy for controlling the omicron BA.1 and BA.2 pandemic.

A study of T-cell responses targeting the omicron spike protein
suggested that no differences in T-cell profiles and cytokine
production between omicron and wild type were found.?* This
finding indicates cross-recognition of T-cells was minimally affected
by mutations in the omicron spike protein.?>” A current study
showed that individuals boosted with the mRNA vaccine could
induce T-cell activity in whole blood. Cross-recognition of different
SARS-CoV-2 variants by T cells was maintained after being boosted
with mRNA vaccine has been reported.?**® On the contrary, our
result showed that individuals boosted with AZD1222 following
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(A) AEs AZD1222 BNT162b2 Risk difference (95%Cl)
n/N (%) n/N (%)
Injection site pain 49/60 (81.7%) 53/55 (96.4%) —o—i 14.70 (3.73, 25.6)
Swelling 24/60 (40.0%) 25/55 (45.5%) ——i 5.45 (-12.62, 23.53)
Redness 25/60 (41.7%) 18/55 (32.7%) ——i - 8.94 (-26.53, 8.65)
Fever 0/60 (0%) 3/55 (5.5%) o 5.45 (-0.55, 11.46)
Headache 23/60 (38.3%) 31/55 (56.4%) i 18.03 (0.05, 36.01)
Myalgia 35/60 (58.3%) 48/55 (87.3%) —e—i 28.94 (13.67, 44.21)
Nausea 8/60 (13.3%) 9/55 (16.4%) ——i 3.03 (-9.99, 16.05)
Vomiting 1/60 (1.7%) 0/55 (0%) R -1.67 (-4.91, 1.57)
Diarrhea 8/60 (13.3%) 4/55 (7.3%) o - 6.06 (-17.06, 4.94)
Joint pain 14/60 (23.3%) 20/55 (36.4%) i 13.03 (-3.59, 29.65)
Chilling 15/60 (25.0%) 22/55 (40.0%) LI —— 15.00 (-1.96, 31.96)
Dizziness 16/60 (26.7%) 21/55 (38.2%) i SD—— 11.52 (-5.52, 28.55)
Total events 218/720 (30.3%)  254/660 (38.5%) P 8.21 (3.2, 13.21)
-E;O -A{O -2IO 0 2l0 4IO 6IO
T-Iigher rate in Higher rate in
AZD1222 BNT162b2
(B) aEs AZD1222 mRNA-1273 Risk difference (95%Cl)
n/N (%) n/N (%)
Injection site pain 49/60 (81.7%) 48/52 (92.3%) o 10.64 (-1.54, 22.82)
Swelling 24/60 (40.0%) 22/52 (42.3%) ——t 2.31(-15.97, 20.58)
Redness 25/60 (41.7%) 15/52 (28.9%) —e—s -12.82 (-30.35, 4.71)
Fever 0/60 (0%) 4152 (7.7%) ot 7.69 (0.45, 14.94)
Headache 23/60 (38.3%) 29/52 (55.8%) i 17.44 (-0.83, 35.70)
Myalgia 35/60 (58.3%) 41/52 (78.9%) —e—i 20.51(3.81, 37.21)
Nausea 8/60 (13.3%) 4/52 (7.7%) i - 5.64 (-16.89, 5.60)
Vomiting 1/60 (1.7%) 0/52 (0%) o - 1.67 (-4.91, 1.57)
Diarrhea 8/60 (13.3%) 5/52 (9.6%) —o -3.72 (-15.47, 8.04)
Joint pain 14/60 (23.3%) 14/52 (26.9%) —o—i 3.59 (-12.53, 19.71)
Chilling 15/60 (25.0%) 33/52 (63.5%) ——i 38.46 (21.39, 55.53)
Dizziness 16/60 (26.7%) 20/52 (38.5%) —e—i 11.79 (-5.53, 29.12)
Total events 218/720 (30.3%)  235/624 (37.7%) ol 7.38 (2.31, 12.45)
60 40 20 0 20 40 60
Higher rate in Higher rate in
AZD1222 mRNA-1273
(C) aEs BNT162b2 mRNA-1273 Risk difference (95%Cl)
n/N (%) n/N (%)
Injection site pain 53/55 (96.4%) 48/52 (92.3%) et -4.06 (-12.83,4.72)
Swelling 25/55 (45.5%) 22/52 (42.3%) —— - 3.15 (-21.95, 15.65)
Redness 18/55 (32.7%) 15/52 (28.9%) i - 3.88 (-21.36, 13.59)
Fever 3/55 (5.5%) 4/52 (7.7%) e 2.24 (-7.17,11.64)
Headache 31/55 (56.4%) 29/52 (55.8%) —— -0.59 (-19.41, 18.22)
Myalgia 48/55 (87.3%) 41/52 (78.9%) —e— - 8.43 (-22.60, 5.74)
Nausea 9/55 (16.4%) 4152 (7.7%) ——r - 8.67 (-20.84, 3.50)
Vomiting 0/55 (0%) 0/52 (0%) 0.00 (0.00, 0.00)
Diarrhea 4/55 (7.3%) 5/52 (9.6%) —— 2.34(-8.21,12.89)
Joint pain 20/55 (36.4%) 14/52 (26.9%) —— -9.44 (-26.96, 8.08)
Chilling 22/55 (40.0%) 33/52 (63.5%) —a— 23.46 (5.05, 41.87)
Dizziness 21/55 (38.2%) 20/52 (38.5%) — 0.28 (-18.15, 18.71)
Total events 254/660 (38.5%) 235/624 (37.7%) ol -0.82 (-6.14, 4.49)
-b!O -A{O -2lO 0 2l0 4'0 610
Higher rate in Higher rate;
BNT162b2 mRNA-1273

FIGURE 5 Forest plot showed the risk difference with 95% confidence intervals of adverse events (AEs) after booster vaccination. The
proportion of participants with any grade of solicited AEs after receipt the third dose were compared between AZD1222 versus BNT162b2
vaccine (A), AZD1222 versus mRNA-1273 (B), and BNT162b2 versus mRNA-1273 (C).

heterologous CoronaVac/AZD1222 appeared to abolish T-cell an elevation in antibody level that was higher than the upper limit of
responses. detection; thus, this method may not have provided the actual NAb
Study limitations included the small sample size and the level in case of a robust immune response. Furthermore, the effect of

detection limits of the sVNT assay. Most boosted individuals elicited omicron peptide stimulation on T-cell response was not examined.
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However, van Kessel et al.?*

showed that no difference in cytokine
production was observed upon stimulation with S-peptide pools
derived from the ancestral strain and omicron variants. Further
studies are required to define long-term immunity and durability of
immune responses against SARS-CoV-2 variants, particularly omicron
subvariants, after administration of booster vaccinations.

In conclusion, these findings indicate that booster vaccination
could retain the level of anti-RBD IgG and improved the
neutralizing activity against delta and omicron variants. Of note,
a booster dose could induce NAb titers to omicron BA.1
comparable to BA.2. Furthermore, individuals boosted with mRNA
vaccines could induce IFN-y responses higher than those boosted
with AZD1222. Hence, giving mRNA vaccines as the booster dose
could improve humoral and T-cell responses and induce neutrali-
zation coverage against omicron subvariants. These findings
support the policymakers' choices about which booster vaccines
to use in the population to overcome waning immunity and
prevent breakthrough infections during the recent emergence of
the SAR-CoV-2 variants.
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