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In June 2021, Thailand was hit by the delta variant of SARS-CoV-2 resulting in the biggest wave of
COVID-19. Due to the widespread delta variant, more than 600 healthcare workers had COVID-19 despite
completion of two-dose CoronaVac. The Ministry of Public Health recommended that healthcare workers
received a third dose of AZD1222 to increase level of protection against SARS-CoV-2. However, immune
response after the AZD1222 booster in individuals who completed the two-dose CoronaVac vaccine are
limited. In this study, sera from those who received a booster of AZD1222 in June-July 2021 were tested
for SARS-CoV-2 spike receptor-binding-domain (RBD) IgG, anti-RBD total immunoglobulins and anti-
spike protein 1 (S1) IgA. The neutralizing activities in a subset of serum samples were tested against
the wild type and variants of concern (B.1.1.7, B.1.617.2, and B.1.351) using an enzyme-linked
immunosorbent assay-based surrogate virus neutralization test. Participants who received the booster
of AZD1222 possessed higher levels of spike RBD-specific IgG, total immunoglobulins, and anti-S1 IgA
than the two-dose vaccinees (p < 0.001). They also elicited higher neutralizing activity against the wild
type and all variants of concern than the recipients of the two-dose vaccines. This study demonstrated
a high immunogenicity of the AZD1222 booster in individuals who completed the two-dose inactivated
vaccines.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Widespread vaccination against the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is crucial in
mitigating the global pandemic of coronavirus disease 2019
(COVID-19). Despite the expedited development of effective vacci-
nes, the ability to acquire sufficient vaccine supplies varies greatly
between industrialized and developing countries. Beginning in
February 2021, Thailand was only able to procure in large quanti-
ties the inactivated COVID-19 vaccine CoronaVac. Healthcare
workers 18–59 years of age were among the first to receive two
doses of CoronaVac administered 3 to 4 weeks apart. Smaller quan-
tities of the adenovirus-vectored vaccine (AZD1222) arrived the
following month, with additional doses domestically produced
from licensing with AstraZeneca available several months later.
Vaccination with AZD1222 was approved by the Thai FDA for
adults � 18 years. Due to the limited supply initially, AZD1222
vaccination administered 10 weeks apart was prioritized for those
with underlying comorbidities and adults � 60 years of age.

Two doses of most COVID-19 vaccines were required to elicit an
immunological response and protection against symptomatic dis-
ease [1–5]. Nevertheless, the emergence of SARS-CoV-2 variants
with accumulated multiple mutations had raised concerns about
the efficacy of the two-dose regimen [6]. Data gathered from mass
vaccination in some countries have suggested that the effective-
ness of mRNA [7] and AZD1222 [6] vaccines was reduced over time
and varied among emerging viral variants. Therefore, many coun-
tries currently are considering the implementation of a third shot
to boost the existing immune response. Ongoing clinical trials to
investigate the immunogenicity, safety, and efficacy of a booster
dose with the same (homologous) or different (heterologous)
vaccine are underway [5,8–9].
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Since June 2021, reports of hundreds of fully vaccinated health-
care workers who were subsequently infected with the delta vari-
ants of SARS-CoV-2 have spurred the implementation of a third
COVID-19 vaccine dose in Thailand, either with AZD1222 or
BNT162b2 [10]. However, no data were available as to whether
heterologous vaccination with an adenovirus vectored vaccine in
adults who previously received two doses of an inactivated vaccine
was safe and effective. To address this knowledge gap, we charac-
terized the increase in immune response and neutralizing antibody
induced by heterologous vaccination with AZD1222 in Thai health-
care workers who were previously fully vaccinated with
CoronaVac.
2. Methods

2.1. Study cohort

The study flow showing participant enrollment and sample size
in this study is shown in Fig. 1. The first group (n = 170) received
two doses of CoronaVac. The second group (n = 169) received
two doses of AZD1222. The third group (n = 210), all healthcare
workers, received two doses of CoronaVac, followed by AZD1222.
An additional comparison group consisted of unvaccinated,
laboratory-confirmed COVID-19 patients who have recovered from
illness as previously reported [11]. The study protocols were
approved by the Institutional Review Board of the Faculty of Med-
icine of Chulalongkorn University (IRB numbers 192/64 and
546/64). The study is registered with the Thai Clinical Trials
Fig. 1. Schematic diagram of this study. Three groups of vaccinees and samples done fo
numbers under each group.
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Registry (TCTR) with identifiers TCTR20210319003 and
TCTR20210910002.
2.2. Vaccination

COVID-19 vaccines were available in Thailand beginning in
March 2021. CoronaVac was approved for Thai adults ages 18–59
and was administered 21–28 days apart [12]. Since ADZ1222 was
authorized for use in adults � 18 years of age, priority was given
to those � 60 due to its limited supply in Thailand [13] and vacci-
nation was done 10 weeks apart. Beginning in June 2021, health-
care workers who were previously fully vaccinated with
CoronaVac (those who received two doses) were offered a third
vaccination with AZD1222. In this study, the two-dose CoronaVac
vaccine recipients received the first dose between March 3 and
31, 2021, and the two-dose AZD1222 vaccine recipients received
the first dose between March 26 and April 3, 2021. The participants
who had previously received two doses of CoronaVac were immu-
nized with AZD1222 as a third dose between June 11 and July 23,
2021.
2.3. Blood samples

Between April 22 and August 24, 2021, blood samples were col-
lected once between 2 and 7 weeks after the second or third vac-
cination in all vaccinated participants. For the recovered patients
with SARS-CoV-2 infection, samples were collected between 4
and 6 weeks after symptoms appeared or after laboratory
r each test are depicted. Randomly selected samples subjected to testing listed as
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confirmation (from testing nasopharyngeal swabs with reverse-
transcription polymerase chain reaction).
2.4. Antibody assays

Serum samples were evaluated for total immunoglobulins
specific to the receptor-binding domain (RBD) of the SARS-CoV-2
spike (S) protein using Elecsys SARS-CoV-2 S according to the man-
ufacturer’s instruction (Roche Diagnostics, Basel, Switzerland).
Values � 0.8 U/mL was considered positive. To quantify only IgG
specific to the RBD, we utilized SARS-CoV-2 IgG II Quant assay
(Abbott Diagnostics, Abbott Park, Ill) according to the manufac-
turer’s instruction. Values � 50 arbitrary U/mL (AU/mL) was con-
sidered positive. Multiplying the numerical AU/mL by 0.142
converts it to binding antibody units per milliliter (BAU/mL). A
subset of samples was evaluated for anti-S1 IgA using an
enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instruction (Euroimmun, Lübeck, Germany). The
results were derived from the ratio in optical density (OD) obtained
from samples and the calibrator. Maximum cut-off ratio (OD/CO)
was 9; results greater than 9 was recorded as 9.

A subset of samples was also evaluated for neutralizing activity
against the SARS-CoV-2 wild-type and variants of concern B.1.1.7
(alpha), B.1.351 (beta), and B.1.617.2 (delta) using an ELISA-
based surrogate virus neutralization test (sVNT). NeutraLISA
(Euroimmun, Lübeck, Germany) was used to evaluate the wild-
type strain only. Results � 35% inhibition was considered positive.
Additionally, cPass SARS-CoV-2 neutralizing antibody detection kit
(GenScript, Piscataway, NJ) was used for all strains. The recombi-
nant RBD from B.1.1.7 (containing N501Y), B.1.351 (containing
N501Y, E484K, and K417N), and B.1.617.2 (containing L452R and
T478K) were also used with this kit. Briefly, the serum samples
were diluted 1:10 with buffer and incubated with RBD conjugated
to horseradish peroxidase for 30 min. at 37 �C. Next, 100 mL of the
sample mixture was added to a capture plate pre-coated with
human angiotensin-converting enzyme 2 (ACE2) and incubated
Table 1
Characteristics of the vaccinees in this study.

Characteristics CoronaVac
(fully vaccinated)
n = 170

Mean age, years (SD) 42.3 (9.6)
Sex and age group
Male no. (%) 81 (47.6%)
18–29 y 8
30–59 y 73
� 60 y –
ND –
Female no. (%) 89 (52.4%)
18–29 y 10
30–59 y 79
� 60 y –
ND –
Days (median) between dose 1 and 2 23.0
[IQR] [21.0, 26.0]
(min–max) (21.0–28.0)

Days (median) between dose 2 and 3 –
[IQR]
(min–max)

Days (median) between last dose and blood collection 29.0
[IQR] [28.0–31.0]

(min–max) (27.0, 49.0)

a represents the comparison between fully vaccinated CoronaVac and fully vaccinated
vaccinated AZD1222 and fully vaccinated CoronaVac + AZD1222 group using t-test. c re
CoronaVac + AZD1222 group using Chi-square test. d represents the comparison betwee
square test. ND indicates no data available.
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for 15 min at 37 �C. After washing, 100 mL of TMB chromogen solu-
tion was added and the plate incubated in the dark for 15 min at
room temperature. After the addition of 50 mL stop solution, sam-
ples were read at 450 nm. The ability of a serum to inhibit binding
between RBD and ACE2 was calculated as percentage as follows: 1
– (average OD of sample/average OD of negative control), multi-
plied by 100. Inhibitions � 30% was considered positive.
2.5. Statistical analysis

Baseline characteristics were reported as mean and standard
deviations (SD), or median and interquartile range (IQR). Antibody
levels were presented as geometric mean titers (GMT) with 95%
confidence interval (CI), or median with interquartile range when
appropriate. The difference in baseline characteristics such as sex
and age were calculated by Chi-squared test and t-test, respec-
tively. The difference in antibody titers, OD/CO, and percent inhibi-
tion between groups was calculated using ANOVA or the Kruskal–
Wallis test. Statistical analysis was done using Prism 8.0 (Graph-
Pad, San Diego, CA). A p value < 0.05 was considered statistically
significant.
3. Results

3.1. Demographic data of vaccinees

The fully vaccinated AZD1222 group was older (mean age
47.9 years), while the fully vaccinated CoronaVac followed by the
AZD1222 booster group was younger (mean age 40 years). There
were significantly more women in the fully vaccinated
CoronaVac + AZD1222 group (Table 1). Time interval between
the last dose vaccination and blood collection in the fully
vaccinated CoronaVac followed by AZD1222 group was shorter
(14–35 days) whereas the longer interval (22–49 days) was found
in the fully vaccinated CoronaVac group (supplementary Table 1).
AZD1222
(fully vaccinated)
n = 169

CoronaVac (full vac.)
+ AZD1222
n = 210

p-value

47.9 (15.5) 40.0 (9.8) p < 0.05a, p < 0.001b

71 (42.0%) 59 (28.1%)
4 2
46 55
21 1
– 1
98 (58.0%) 151 (71.9%) p < 0.001c, p = 0.001d

18 29
55 118
25 3
– 1
70.0 21.0
[70.0, 70.0] [21.0, 26.0]
(68.0–76.0) (14.0–37.0)
– 70.0

[61.0, 79.0]
(30.0–99.0)

30.0 28.0
[26.0–31.0] [20.0–32.0]

(19.0, 41.0) (14.0, 35.0)

CoronaVac + AZD1222 group using t-test. b represents the comparison between fully
presents the comparison between fully vaccinated CoronaVac and fully vaccinated
n fully vaccinated AZD1222 and fully vaccinated CoronaVac + AZD1222 using Chi-
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3.2. RBD-specific SARS-CoV-2 antibodies

We first evaluated the GMT of total anti-RBD immunoglobulins
in vaccinated individuals and recovered COVID-19 patients. The
GMT of total anti-RBD immunoglobulins among vaccinees fully
vaccinated with CoronaVac was comparable to that of unvacci-
nated convalescent patients (<100 U/mL) (p = 0.7608) (Fig. 2a.).
The GMT of fully vaccinated CoronaVac + AZD1222 (7,947 U/mL)
was nine-fold greater than that of fully vaccinated AZD1222. When
we determined only the contribution of anti-RBD IgG, the GMT
among convalescent patients (28.1 BAU/mL) was lower than that
of fully vaccinated CoronaVac group (128 BAU/mL) (p = 0.0375).
In contrast, the fully vaccinated CoronaVac + AZD1222 vaccinees
possessed the highest antibody levels (1,492 BAU/mL) compared
to other groups (Fig. 2b.). Serum anti-S1 IgA was also highest in
this group (Fig. 2c.). The presence of serum anti-S1 IgA was
observed only after a third vaccination and in convalescent
patients. In addition, the sVNT assay, which was based on
antibody-mediated inhibition of ACE2 and S protein interaction,
showed that the fully vaccinated CoronaVac + AZD1222 recipients
had higher neutralizing activities (demonstrated as percent inhibi-
tion) against the original Wuhan (wild-type) strain compared to
fully vaccinated CoronaVac and fully vaccinated AZD1222 groups
(Fig. 2d.). We analyzed the immunogenicity data in two sets. The
first set included all available data. The second set included only
participants whose blood samples were at the same interval
between last dose vaccination and blood sampling. Differences
Fig. 2. Immunoassays for SARS-CoV-2 in serum samples from fully vaccinated and unva
Anti-RBD IgG. (c) Anti-S1 IgA. (d) Surrogate virus neutralization test (sVNT). Geometric m
group. * denotes p < 0.05 and *** denotes p � 0.001.
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between all available data and data from participants with similar
intervals between vaccination and blood samples among all groups
were not significant (supplementary Fig. 1).
3.3. Neutralizing antibodies against SARS-CoV-2 variants

Although serum samples from the fully vaccinated AZD1222
group was able to better inhibit wild-type SARS-CoV-2 and vari-
ants than those from the fully vaccinated CoronaVac (p < 0.01),
the fully vaccinated CoronaVac + AZD1222 group demonstrated
higher neutralizing antibodies compared to two doses of either
vaccine (p < 0.0001) (Fig. 3a-d.).

Comparison of neutralizing activities within the same partici-
pants against the wild-type and variant strains showed that all
vaccinated groups elicited higher neutralizing activities in the fol-
lowing order: wild type > B.1.617.2 > B.1.1.7 > B.1.351 (Fig. 4a-c.).
The fully vaccinated CoronaVac group showed the lowest inhibi-
tion against B.1.351 (Fig. 3c.).
4. Discussion

Recent data suggest that the immunity elicited by two-dose
vaccination against COVID-19 waned over time resulting in
reduced protection against wild type SARS-CoV-2 and variants of
concerns [14], calling into question whether a third dose would
be advantageous or potentially required for long-term protection.
ccinated convalescent COVID-19 patients. (a) Total anti-RBD immunoglobulins. (b)
ean titer (GMT) with 95% confidence intervals are shown as red lines within each
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This study showed that participants who received the third dose
AZD1222 vaccine after completion of the two-dose CoronaVac vac-
cines possessed higher levels of spike RBD-specific IgG, total
immunoglobulin, and anti-S1 IgA than that of two-dose CoronaVac,
two-dose AZD1222 vaccinated and previously-infected individuals.
In addition, sera samples from booster dose vaccine recipients eli-
cited higher neutralizing activity against the wild type and all vari-
ants of concern than those in the recipients of the two-dose
CoronaVac and AZD1222 vaccines.

These results follow similar trends expressed in research on the
immunogenicity of a homologous three-dose regimen of the Coro-
naVac vaccine [8,15], AZD1222 vaccine [16] or mRNA-1273 vaccine
[17] indicating that three-dose vaccination showed a higher
immune response than two-dose vaccination. Commonly, it was
shown that a third dose evokes a higher immunological response
surpassing levels post-second dose of the primary vaccines as a
booster effect. In addition, mouse models using the heterologous
vaccine regimen have shown that the three-dose vaccine schedule
can promote higher humoral and cellular responses than that
induced by the same three-dose regimen [18]. The higher antibody
responses elicited by the heterologous two-dose vaccine regimen
when compared to the two-dose homologous vaccine regimen
have also been reported [19,20]. Furthermore, sVNT experiments
presented significantly showed higher post-third dose inhibition
levels of neutralizing activities against the wild type and variants
of concerns in the third dose vaccine recipients, which is consistent
with that of a high immunoglobulin titer.
Fig. 3. Surrogate virus neutralization test against SARS-CoV-2 wild-type and variants. (a
mean and IQR (red lines). *** denotes p � 0.001.
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Aside from heightened immunoglobulin titers and sVNT inhibi-
tion percentages, a notable discrepancy of immunoglobulin sub-
type A was observed. Serum anti-spike1 protein-specific IgA OD/
CO ratios significantly increased following an AZD1222 vaccine
as a third booster, compared to after two-dose homologous Coro-
naVac and AZD1222 regimen. The presence of serum spike-
specific IgA was observed only after a third vaccination and natural
infection. IgA is a potent immunoglobulin [21] found mainly in
mucosal regions and is fundamental for inhibiting respiratory
viruses from epithelial cell attachment [22]. Despite differing
mechanistic characteristics, our results highlighting an absence of
serum anti-spike specific IgA after a two-dose homologous Corona-
Vac and AZD1222 schedule. In contrast, some two-dose regimens
can elicit serum IgA responses despite the absence of mucosal
IgA responses. Limited data is available on the clinical benefit of
serum IgA in protection, however, a recent in vitro experimental
study has shown that serum IgA contributed to the neutralization
of the SARS-CoV-2 [21,23,24].

Our study had a few noteworthy limitations. First, only
immunological data was collected and therefore this investigation
lacks information regarding the efficacy of a heterologous third
AZD1222 vaccination. Second, demographic data collected high-
lighted a difference in the averaged age among vaccinated groups
and a gender disparity with a large majority of female participants
in the fully vaccinated CoronaVac followed by AZD1222 group. In
general, the antibody responses to vaccine are lower in older adults
and the vaccine efficacy declines with age [25]. Our fully AZD1222
) Wild-type. (b) B.1.1.7. (c) B.1.351. (d) B.1.617.2. Percent inhibition is shown with



Fig. 4. Comparison between neutralizing activities against variants relative to the
wild type in serum samples obtained from (a) two-dose CoronaVac/CoronaVac, (b)
two-dose AZD1222/AZD1222, and (c) two-dose CoronaVac + one-dose AZD1222
vaccinees. *** denotes p � 0.001. ** denotes p � 0.01.
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vaccinated group were older adults indicating that the immune
response in this group might be lower than their younger counter-
parts. Moreover, most of the participants in the fully vaccinated
CoronaVac followed by AZD1222 group were young and pre-
menopause female. Typically, the younger female can elicit the
antibody response to vaccination better than men [26]. Lastly, a
cell-mediated response was not examined. Only a humoral
response was investigated, accounting for a portion of an immuno-
logical response to vaccination.

In conclusion, a three-dose heterologous regimen, two initial
CoronaVac followed with a third AZD1222 vaccine, induced a
strong immunological response. Additional research into age-
related efficacy, vaccination timing, cell-mediated response, and
effectiveness data should be considered for a comprehensive
understanding of the benefit of this vaccine schedule. Further
investigations into the vaccine-induced protection against SARS-
CoV-2 emerging variants and their impact on this vaccination reg-
imen’s effectiveness are to be further investigated.
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