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A B S T R A C T   

Objectives: We conducted a single-blinded, randomized trial to evaluate the safety, reactogenicity, and immu
nogenicity of heterologous booster vaccination in health care workers (HCW) who had received two doses of 
ChAdOx1 nCov-19. 
Methods: HCW who had at least 90 days after the second dose were enrolled to receive one of the four vaccines: 
BNT162b2 (30 μg), half-dose mRNA-1273 (50 μg), mRNA-1273 (100 μg), and MVC-COV1901 (15 μg). The 
primary outcomes were humoral and cellular immunogenicity and secondary outcomes assessed safety and 
reactogenicity at 28 days post-booster. 
Results: MVC-COV1901 Three hundred and forty HCW were enrolled: 83 received BNT162b2 (2 excluded), 85 
half-dose mRNA-1273, 85 mRNA-1273, and 85 MVC-COV1901. mRNA vaccines had more reactogenicity than 
protein vaccine. The fold-rise of anti-spike IgG geometric mean titer was 8.4 (95% CI 6.8–10.4) for MVC- 
COV1901, 32.2 (27.2–38.1) for BNT162b2, 47.6 (40.8–55.6) for half-dose mRNA-1273 and 63.2 (53.6–74.6) 
for mRNA-1273. The live virus microneutralization assays (LVMNA) against the wild type, alpha and delta 
variants were consistent with anti-spike IgG for all booster vaccines. The LVMNA in the four groups against 
omicron BA.1 variant were 6.4 to 13.5 times lower than those against the wild type. All booster vaccines induced 
a comparable T cell response. 
Conclusions: Third dose booster not only increases neutralizing antibody titer but also enhances antibody breadth 
against SARS-CoV-2 variants. mRNA vaccines are preferred booster vaccines for those who received primary 
series of ChAdOx1 nCov-19.   

1. Introduction 

The pandemic of Coronavirus Disease 2019 (COVID-19) has been 

shaped by the successive emergence of different SARS-CoV-2 variants 
with increased transmissibility and/or immune escape, compared to the 
ancestral strain, since 2020 [1,2]. Delta variant (B.1.617.2) emerged in 
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India in February 2021 and became dominant over the following months 
[2,3]. Omicron variant (B.1.1.529) that carries a large number of mu
tations in the spike protein gene was first reported from Gauteng prov
ince, South Africa in November 2021 [4]. Because these mutation sites 
are the major target of neutralization antibodies, omicron variant is able 
to avoid neutralization by antibodies in the serum of vaccinated or 
recovered individuals as well as by a large range of human monoclonal 
antibodies in use [1,5-7]. 

Taiwan experienced its first large wave of COVID-19 caused by alpha 
variant (B.1.1.7) from May to August 2021. The COVID-19 vaccination 
program in Taiwan started in March 2021. However, the first large batch 
of vaccines that arrived in Taiwan was ChAdOx1 nCov-19 (AstraZe
neca). The majority of the health care workers (HCW) in Taiwan 
received two doses of ChAdOx1 nCov-19; first and second doses were 
given 8 weeks apart. 

Previous studies have shown that effectiveness of two doses of 
ChAdOx1 nCov-19 vaccine against symptomatic disease among persons 
infected with alpha or delta variant was less than that of two doses of 
BNT162b2 vaccine (Pfizer BioNTech) [3]. Moreover, given the occur
rence of rare, but severe adverse events after vaccination with 
vector-based vaccines such as ChAdOx1 nCov-19, heterologous 
prime-boost regimens have been recommended in many countries [8,9]. 
On the other hand, significant waning of humoral responses within 6 
months after receipt of the second dose of BNT162b2 vaccine or ChA
dOx1 nCov-19 has been observed in recent studies [10,11]. Vaccine 
effectiveness in preventing COVID-19 declined because of such waning 
immunity. Furthermore, variant immune evasion also played a signifi
cant role [12]. It is therefore critical to give a third dose, also known as 
the first booster, to protect the vulnerable persons, and mitigate health 
care and economic impacts. 

“Mixing and matching” COVID-19 vaccines may enhance the flexi
bility of vaccination and induce broader immune responses [13]. 
Immunological and safety assessments of the mRNA and Ad26.COV2.S 
(Johnson & Johnson-Janssen) boosters in persons who received 
different priming regimens had been reported previously [14]. How
ever, these clinical trials were conducted with mRNA-1273 (100 μg) 
instead of current recommendation of half-dose mRNA-1273 (50 μg) 
[13,14]. Protein vaccines are based on established technology with a 
good safety record. Besides, protein vaccines are easier to be transported 
and stored than that of mRNA vaccines. MVC-COV1901 is a CpG1018 
and aluminum hydroxide-adjuvanted SARS-COV-2 pre-fusion-stabilized 
spike protein S-2P vaccine developed by Medigen Vaccine Biologics 
Corporation, Taiwan. After a large phase II trial demonstrating good 
safety profile and promising immunogenicity, it was authorized for 
emergency use by Taiwan Food and Drug Administration (FDA) in July 
2021. MVC-COV1901 is one of the two vaccines for inclusion in the 
WHO Solidarity Trial. To support decision making for people in Taiwan 
and other countries who received primary immunization with two doses 
of ChAdOx1 nCov-19, we performed this single-blinded, randomized 
study for a head-to-head comparison of safety and immunogenicity of 
different heterologous boosters administered to HCW. 

2. Methods 

2.1. Study design 

This trial is to investigate the safety, reactogenicity and immunoge
nicity of heterologous booster of either BNT162b2 (30 μg), half-dose 
mRNA-1273 (50 μg) (Moderna), mRNA-1273 (100 μg) or MVC- 
COV1901 (15 μg) COVID-19 vaccine among HCW in a single institute 
at Chang Gung Memorial Hospital (CGMH), Taoyuan, Taiwan. All par
ticipants gave written informed consent before entering this trial. The 
study protocol was approved by institutional review board of CGMH 
(202101767A3). 

2.2. Participants 

Participants were between 20 and 65 years of age and had received 2 
doses of ChAdOx1 nCoV-19 vaccine more than 90 days at enrollment. 
The main exclusion criteria were history of laboratory confirmed 
COVID-19 and anaphylaxis or severe allergic reaction to any compo
nents of study vaccines. The detailed inclusion and exclusion criteria 
were included in Appendix 1. 

2.3. Randomization and masking 

Participants were randomly assigned, in a 1:1:1:1 ratio, to receive a 
single dose of BNT162b2, half-dose mRNA-1273, mRNA-1273 or MVC- 
COV1901. Computer generated randomization list was conducted by a 
blinded statistical consultant. Participants were allocated by random 
block sizes of 4. Clinical research nurses who were not involved in 
vaccine administration and immunogenicity evaluation did the 
randomization process. Participants were blinded to the boost vaccine 
until 180 days postvaccination. Laboratory staff who processed immu
nological samples were blinded to vaccine allocation. Clinical research 
nurses and research staff accessing adverse events were unblinded. 

2.4. Procedures 

After an online screening procedure, participants were invited to join 
the study. Baseline demographic data were collected via electronic 
questionnaire. Blood samples were taken for baseline hematological and 
biochemical testing before booster at first visit. Blood samples were 
collected for immunogenicity analysis and checking for any previous 
infection before and 28 days after vaccination. Blood samples will be 
collected 180 days after booster vaccination for persistence of immu
nogenicity. We accessed adverse events by use of a modified US FDA 
toxicity grading scale [15]. Participants were asked to record electronic 
questionnaire on solicited local and systemic adverse events daily for 7 
days and unsolicited adverse events weekly for 28 days post-booster. 
Serious adverse events and adverse events of special interest were re
ported by telephone or mobile message app for 180 days after booster 
vaccination. 

2.5. Immunogenicity 

All blood samples were measured for quantitative anti-spike IgG, 
SARS-CoV-2 nucleocapsid IgG, surrogate neutralizing antibody by an 
ELISA kit (Formosa Biomedical Technology Corporation), and T-cell 
ELISpot kit. Serum anti-spike IgG concentrations were evaluated by 
Abbott AdviseDx SARS-CoV-2 IgG II assay [16]. SARS-CoV-2 nucleo
capsid IgG were measured for confirmation of previous infection by 
Roche Elecsys Anti-SARS-CoV-2 [17]. The MeDiPro SARS-CoV-2 Anti
body ELISA kit, based on the binding affinity of S1 and RBD domains to 
antibodies, was designed to indirectly quantify SARS-CoV-2 neutralizing 
antibodies in the serum [18]. Values <12 IU/mL were considered 
negative results. Similar to other quantitative serological tests using 
different technologies, the MeDiPro SARS-CoV-2 Antibody ELISA assay 
was able to detect the trend in terms of humoral response magnitude and 
of variants of concern (VOCs) neutralizing ability levels [18,19]. The kit 
was approved by Taiwan FDA (No. 1,106,803,303). SARS-CoV-2 spike 
protein-specific T cell response was evaluated by ex vivo stimulating 
peripheral blood mononuclear cells using the Human IFN-γ ELISpot Kit 
(EL285, R&D) [20]. All these kits were used following manufacturers’ 
instructions. 

A random subset of 120 participants (30 in each group) was tested 
for live virus neutralization with wild-type, alpha, delta and omicron 
BA.1 variants of SARS-CoV-2, as well as pseudovirus neutralization with 
the pseudoviruses either expressing SARS-CoV-2 D614G or omicron 
BA.1 spike protein. The live virus neutralizing antibody test followed the 
standard protocol of a live virus microneutralization assay (LVMNA) 

C.-H. Chuang et al.                                                                                                                                                                                                                             



Journal of Clinical Virology 157 (2022) 105328

3

[21]. The lower limit of LVMNA was 34.45 IU/ml. SARS-CoV-2 pseu
dovirus expressing D614G or omicron BA.1 spike protein was prepared 
and titrated by the National RNAi Core Facility, Academia Sinica, 
Taiwan. SARS-CoV-2 pseudovirus neutralization assay (PNA) was per
formed as previously described [22]. The lower limit of PNA was 8 ID50. 
Values below the limit were substituted with half of the cutoff value. The 
detail methods for the analysis of immunogenicity were available in 
Appendix 2. 

2.6. Outcomes 

The primary outcomes were immunogenicity assessed 28 days after 
booster vaccination, including serum SARS-CoV-2 anti-spike IgG con
centration, the 50% neutralizing antibody titers (NT50) against wild- 
type, alpha, delta and omicron BA.1 variants, and IFN-γ secreting T 
cells specific to whole spike protein of the wild type. Secondary out
comes were safety and reactogenicity including occurrence of solicited 
and unsolicited adverse events, adverse events of special interest and 
serious adverse events. 

2.7. Statistical analysis 

The sample size was calculated on the basis of a previous report with 
a minimum clinically important difference of 1.75-times difference be
tween geometric mean titer, assuming a SD of 0.4 on log10 scale [13]. 
Since six comparisons were performed between 4 groups, a significance 
level of 0.05/6 = 0.0083 was adjusted by Bonferroni correction. 
Sixty-four participants in each group were required to achieve 90% 
power at a two-side 0.008% significance level with 20% dropout rate. 
We enrolled 85 participants in each group. Categorical data were 
expressed as number (percentage). Continuous variables were presented 
as median (interquartile range). Immunogenicity endpoints were re
ported as geometric means with 95% confidence intervals. The geo
metric mean of fold change was calculated as the antilogarithm of the 
mean difference between the log10 transformed titer of post-boost and 
that of pre-boost. Analysis of differences in immunogenicity between 
booster vaccine groups were performed by the Kruskal-Wallis test with 
Dunn’s post hoc test. Correlations between different immunological 
tests were assessed using Spearman’s correlation coefficient. Adverse 
events between groups were compared by Fisher’s exact test. P < 0.008 
was considered statistically significant. All analysis was performed with 
SPSS statistical software version 21. 

3. Results 

3.1. Baseline characteristics of the participants 

From November 29 to December 14, 2021, 852 participants were 
contacted, among whom 340 participants were enrolled and randomly 
assigned to 4 groups (Fig. 1). No participants dropped out of the study. 
Two participants had detectable anti-nucleocapsid protein IgG antibody 
at baseline and during follow-up and were excluded for analysis. One 
participant had pregnancy after booster vaccine and was still under 
analysis. Among the 338 participants, the median age was 36 years old 
(range: 22–64) and 228 (67.5%) participants were female. The intervals 
between the second dose and booster ranged from 91 to 199 days. 
Generally, the baseline demographic characteristics and laboratory tests 
were balanced across the 4 vaccine groups (Table 1). There were no 
differences in immunological studies including anti-spike IgG levels, 
neutralizing antibodies and S-specific T cell response at baseline across 
the 4 vaccine groups (Table 2). 

3.2. Safety and reactogenicity 

Neither potentially life-threatening, serious solicited or unsolicited 
adverse events nor adverse events of special interest were reported after 
any booster vaccine in the study. The most common local solicited 
adverse event was injection site pain (92%), followed by swelling (81%) 
and redness (13%). Fatigue (73%) was the most common systemic 
adverse event, followed by myalgia (67%), headache/dizziness (50%), 
nausea (21%), fever (15%), and diarrhea (15%) (Table S1). The pro
portion of severe adverse events were injection site pain, 0 to 2.4%; 
fever, 0 to 5.9%; fatigue, 0 to 4.7%; myalgia, 0 to 1.2% and headache, 
0 to 1.2% (Fig. 2; Table S1). Local adverse events and some systemic 
adverse events such as fatigue, myalgia and headache could last for 1 
week after booster vaccination (Fig. S1). Only 8 (2.4%) participants had 
fever for more than 48 h. Protein vaccine (MVC-COV1901) showed less 
local adverse events (pain, P < 0.001; redness, P = 0.005; swelling, P <
0.001) and systemic adverse events (fever, P < 0.001; fatigue, P <0.001; 
myalgia, P < 0.001; Headache, P < 0.001) than mRNA vaccines 
(Table S1). Full-dose mRNA-1273 had more local and systemic adverse 
events than half-dose mRNA1273. Half-dose mRNA-1273 had more 
local and systemic adverse events than BNT162b2 (Fig. 2; Table S1). 

Fig. 1. Study population and analysis. 340 participants were enrolled and randomly assigned to 4 groups. Two participants had detectable anti-nucleocapsid protein 
IgG antibody at baseline and during follow-up and were excluded for analysis. 
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3.3. Immunogenicity 

Compared with pre-boost, all study vaccines elicited significantly 
higher anti-spike IgG at 28 days post-boost (P < 0.001). The fold-rise 
ranged from 8.4 in MVC-COV1901 group to 63.2 in mRNA-1273 
group (Table 2). The difference of immunogenicity between study vac
cines was shown in Fig. 3A. Antibody, assayed as surrogate neutralizing 
antibody by ELISA kit, was not detected in 262 (78%) of participants 
before receiving booster vaccine. After booster vaccination, the fold-rise 
ranged from 12.7 in MVC-COV1901 group to 47.7 in mRNA-1273 group 
(Fig. 3B). mRNA vaccines induced significantly higher anti-spike IgG 
and surrogate neutralizing antibody than protein vaccine (MVC- 
COV1901). 

The live virus neutralizing antibody against the wild type, alpha, 
delta and omicron BA.1 variants pre-booster were not detected in 48 
(40%), 96 (80%), 87(73%) and 120 (100%) participants, respectively. 
The neutralizing activity increased significantly post booster (P <
0.001), the fold-rise ranged from 12.3 in MVC-COV1901 to 50.0 in 
mRNA-1273 against wild-type, 23.0 in MVC-COV1901 to 118.1 in 
mRNA-1273 against alpha variant, 23.8 in MVC-COV1901 to 97.8 in 
mRNA-1273 against delta variant and 2.1 in MVC-COV1901 to 14.4 in 
mRNA-1273 against omicron BA.1 variant (Fig. 3C). After each booster 
vaccine, the neutralization titers against alpha and delta variants were 
comparable with those of the wild type. The neutralization titers against 
omicron BA.1 variant were 6.4 to 13.5 times lower than those against 
the wild type. All except one participant who received mRNA vaccines as 
a booster had detectable neutralizing antibody against omicron BA.1 
variant. Serum neutralizing antibody against omicron BA.1 was not 
detected in 60% of the participants who received MVC-COV1901 
booster. The fold-rise of pseudovirus neutralization titers against 
D614G ranged from 13.2 in MVC-COV1901 to 48.9 in mRNA-1273 
(Fig. 3D). The pseudovirus neutralization titers against omicron BA.1 
variant were 4.6 to 5.2 times lower than that against D614G. In general, 
mRNA vaccines elicited significantly higher neutralizing antibody than 
protein vaccine (MVC-COV1901) did (Fig. 3C, D). There was no 

significant difference in neutralizing antibodies between BNT162b2, 
half-dose mRNA-1273 and mRNA-1273 (Fig. 3). 

Level of interferon-γ was not detected in 10 (3%) participants before 
booster. All vaccines induced significant T-cell response by ELISpot 
(Table 2). All booster vaccines elicited at least 3-fold rise of interferon-γ 
(Fig. 3E). There was no significant difference in T cell response between 
study vaccines. 

3.4. Correlations between immune responses 

Strong correlations were found between anti-spike IgG and LVMNA 
against the wild type and VOCs post booster immunization (Spearman 
correlation coefficient ranged from 0.72 to 0.85) (Fig. 4). The correla
tions between different immunogenicity tests are provided in Figs. S2‒ 
S4. 

4. Discussion 

Data on protein vaccine as a booster and head-to-head comparison 
between different doses of mRNA vaccines remain scarce [23]. Our 
study addressed the immunogenicity, safety, and reactogenicity of 
currently recommended booster vaccines during the omicron pandemic. 
Furthermore, as the prevalence of SARS-CoV-2 infection in community 
in Taiwan was very low before this study, the result would unlikely be 
affected by the community-circulating viruses. It was likely the immu
nogenicity shown in this study truly represents the vaccination effect. 

The current study revealed that mRNA vaccines elicited more 
adverse events than protein vaccine and the reactogenicity was similar 
to previous reports [13]. Compared to COV-BOOST, [13] using 
BNT162b2 or mRNA-1273 as a booster caused slightly more local and 
systemic adverse events in persons primed with 2 doses of ChAdOx1 
nCov-19 in this study. MVC-COV1901 booster showed similar adverse 
event patterns to NVX-CoV2373 booster, except for local swelling and 
myalgia [13]. MVC-COV1901 booster elicited more frequent local 
swelling and myalgia than NVX-CoV2373. 

Table 1 
. Baseline characteristics of the participants.  

Characteristic BNT162b2 Half-dose 
mRNA-1273 

mRNA-1273 MVC–COV1901 

No. of participants 83 85 85 85 
Sex – no. (%) 
Female 53 (64) 58 (68) 60 (71) 57 (67) 
Male 30 (36) 27 (32) 25 (29) 28 (33) 
Age - years 
Median (IQR) 35.0 (30.0–44.0) 35.0 (30.0–45.5) 37.0 (30.5–44.0) 39.0 (32.5–44.5) 
Intervals between first and 

second doses – days 
Median (IQR) 63 (59–71) 68 (60–71) 63 (61–71) 68 (61–71) 
Intervals between second doses 

and booster – days 
Median (IQR) 138 (126–177) 140 (128–182) 138 (127–149) 138 (131–177) 
Body-mass index* 22.6 (20.3–24.8) 23.5 (21.9–26.3) 23.1 (21.5–25.8) 22.2 (20.1–25.5) 
Comorbidities 
Cardiovascular disease –no. (%) 6 (7) 2 (2) 10 (12) 6 (7) 
Diabetes mellitus –no. (%) 0 (0) 1 (1) 4 (5) 2 (2) 
Liver disease –no. (%) 2 (2) 3 (4) 4 (5) 2 (2) 
Kidney disease –no. (%) 0 (0) 1 (1) 0 (0) 1 (1) 
White blood cell count – per mm3 

Median (IQR) 5900 (5300–7200) 6500 (5500–7850) 6500 (5500–7750) 6000 (5300–7700) 
Hemoglobin – per g/dl 
Median (IQR) 13.8 (13.0–15.1) 13.7 (13.0–14.7) 13.5 (12.7–14.7) 13.7 (12.8–14.6) 
Platelet count – 103 per mm3 

Median (IQR) 272 (232–311) 282 (240–334) 278 (247–310) 263 (233–311) 
AST – U/liter 
Median (IQR) 18 (14–23) 17 (13–20) 17 (14–21) 17 (14–21) 
ALT – U/liter 
Median (IQR) 15 (10–24) 15 (11–22) 16 (11–23) 16 (10–21) 

IQR= interquartile range. AST=aspartate aminotransferase. ALT=alanine aminotransferase. 
* Body-mass index is the weight in kilogram divided by the square of the height in meters. 
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Table 2 
. Binding antibody, neutralizing antibody, and T cell response.  

Characteristic BNT162b2 Half-dose 
mRNA-1273 

mRNA-1273 MVC–COV1901 P value* 

SARS-CoV-2 anti-spike IgG, 
BAU/mL 

N = 83 N = 85 N = 85 N = 85  

GMC before boost 35 (30–42) 36 (31–43) 38 (32–46) 42 (35–50) P = 0.52 
GMC after boost 1133 (971–1323) 1723 (1521–1952) 2400 (2067–2788) 352 (301–411) P <0.001 
Fold change 32.18 (27.18–38.11) 47.60 (40.78–55.56) 63.20 (53.56–74.56) 8.40 (6.82–10.35)  
Surrogate neutralizing antibody by ELISA, IU/mL N = 83 N = 85 N = 85 N = 85  
GMT before boost 16 (14–19) 17 (14–20) 15 (13–17) 17 (15–20) P = 0.17 
GMT after boost 524 (481–573) 657 (609–708) 709 (658–764) 219 (187–256) P < 0.001 
Fold change 32.27 (27.38–38.04) 39.75 (33.18–47.61) 47.71 (41.36–55.03) 12.69 (10.20–15.79)  
Live virus neutralizing antibody 

(wild type), NT50, IU/mL 
N = 30 N = 30 N = 30 N = 30  

Before boost 39 (29–51) 37 (28–47) 32 (25–42) 40 (30–54) P = 0.64 
After boost 1154 (981–1357) 1673 (1459–1918) 1607 (1423–1815) 501 (384–654) P <0.001 
Fold change 29.81 (24.06–36.93) 45.53 (36.03–57.53) 49.97 (38.23–65.31) 12.34 (8.41–18.10)  
Pseudovirus neutralizing antibody (D614G), ID50 N = 30 N = 30 N = 30 N = 30  
Before boost 123 (90–167) 139 (99–194) 110 (78–156) 108 (78–149) P = 0.74 
After boost 3298 (2786–3905) 4140 (3558–4817) 5375 (4576–6314) 1428 (1050–1941) P < 0.001 
Fold change 26.77 (19.50–36.77) 29.72 (22.34–39.52) 48.94 (33.64–71.22) 13.22 (8.54–20.47)  
Live virus neutralizing antibody 

(alpha), NT50, IU/mL 
N = 30 N = 30 N = 30 N = 30  

Before boost 20 (18–23) 20 (18–23) 20 (18–22) 23 (19–29) P = 0.88 
After boost 1566 (1256–1951) 2022 (1669–2450) 2351 (2017–2739) 535 (386–740) P < 0.001 
Fold change 76.86 (61.57–95.95) 99.31 (82.74–119.20) 118.11 (101.52–137.42) 23.01 (15.97–33.17)  
Live virus neutralizing antibody 

(delta), NT50, IU/mL 
N = 30 N = 30 N = 30 N = 30  

Before boost 23 (19–27) 21 (18–25) 21 (17–25) 26 (21–33) P = 0.29 
After boost 1325 (1069–1641) 1427 (1177–1730) 1879 (1606–2200) 624 (441–883) P < 0.001 
Fold change 57.77 (47.34–70.50) 73.16 (55.24–96.90) 97.79 (70.22–136.19) 23.81 (15.47–36.63)  
Live virus neutralizing antibody 

(omicron), NT50, IU/mL 
N = 30 N = 30 N = 30 N = 30  

Before boost 17 (17–17) 17 (17–17) 17 (17–17) 17 (17–17) P = 1.0 
After boost 146 (119–179) 204 (152–275) 250 (195–322) 37 (25–53) P < 0.001 
Fold change 8.38 (6.82–10.29) 11.75 (8.73–15.82) 14.41 (11.22–18.50) 2.10 (1.44–3.07)  
Pseudovirus neutralizing 

antibody (omicron), ID50 

N = 30 N = 30 N = 30 N = 30  

Before boost 10 (7–13) 10 (8–14) 13 (10–19) 8 (6–11) P = 0.21 
After boost 682 (516–902) 851 (681–1064) 1165 (931–1457) 273 (189–395) P < 0.001 
Fold change 71.12 (49.97–101.22) 81.47 (62.39–106.38) 86.56 (59.86–125.15) 32.89 (20.11–53.79)  
Cellular response, SFU per 2 × 105 

PBMCs 
N = 83 N = 85 N = 85 N = 85  

Before boost 29 (25–34) 27 (23–31) 26 (23–30) 26 (22–30) P = 0.45 
After boost 89 (80–99) 105 (94–117) 109 (99–120) 84 (74–95) P = 0.01 
Fold change 3.05 (2.60–3.59) 3.92 (3.30–4.65) 4.21 (3.59–4.92) 3.26 (2.77–3.85)  

Data are GM (95% CI). BAU=binding antibody unit. GMC=geometric mean concentration. GMT=geometric mean titer. ELISA=enzyme-linked immunosorbent assay. 
NT50= 50% neutralization titer. ID50=50% inhibitory dose. SFU=Spot-forming unit. PBMCs=peripheral blood mononuclear cells. 
*P values were reported using Kruskal-Wallis. 

Fig. 2. Severity of systemic and local reactions after booster vaccination. The percentage of participants with local symptoms (pain, redness, or swelling at the 
injection site) and the percentage of participants with systemic symptoms (fever, fatigue, myalgia, headache, nausea, or diarrhea) after booster vaccination are 
demonstrated. These reactions were monitored in the 7 days after the administration of the booster. The toxicity grading scale represents the highest grade of severity 
during the seven days. Grade 1 means mild reaction, grade 2 moderate reaction and grade 3 severe reaction. gray: BNT162b2; red: half-dose mRNA-1273; yellow: 
mRNA-1273; blue: MVC–COV1901. 
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Fig. 3. SARS-CoV-2 spike protein–specific immune responses before and after booster vaccination. A, Levels of SARS-CoV-2 spike protein-specific IgG antibodies at 
baseline (before booster vaccination) and after booster vaccination in the four groups. B, Levels of surrogate neutralizing antibodies by ELISA at baseline and after 
booster vaccination in the four groups. C, Levels of neutralizing antibodies at baseline and after booster vaccination, as assessed with a live virus microneutralization 
assay (LVMNA) in the four groups. D, Levels of neutralizing antibodies at baseline and after booster vaccination, as assessed with a SARS-CoV-2 pseudovirus 
neutralization assay (PNA) in the four groups. E, SARS-CoV-2 spike protein-specific T-cell response at baseline and after booster vaccination in the four groups, as 
measured by interferon-γ levels produced peripheral blood mononuclear cells after ex vivo stimulation. The P values on the top of figure were the comparison of the 
immune responses between groups. The dashed line indicated cutoff value. 
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The antibody response of BNT162b2 and mRNA-1273 booster was 
generally consistent with previous reports from the UK and USA [13,14, 
24]. The serum level of anti-spike IgG and live virus neutralization ac
tivity induced by MVC-COV1901 was approximately 31% to 47% of the 
response by BNT162b2. The observation was also found in COV-BOOST 
study when the antibody response by NVX-CoV2373 booster was 
compared with that by BNT162b2 booster [13]. Although all vaccines 
induced substantial neutralizing antibody titers against alpha and delta 
variants, significantly lower neutralization against omicron BA.1 variant 
was observed in all groups of heterologous vaccine boosting, in line with 
findings of previous studies [25,26]. The largest reduction was observed 
in MVC-COV1901. While mRNA booster vaccination could regain the 
neutralization ability against the wild type and major VOCs, 
post-booster serum by the protein-based vaccine failed to neutralize the 
omicron BA.1 variant. Evidence regarding deficient neutralization 
against immune-evasion VOCs caused by protein-based vaccine booster 
remains limited [27]. Why protein-based vaccines failed to stimulate 
humoral immunity as efficiently as mRNA vaccines is unknown. A 
development failure in another mRNA vaccine–CVnCoV (CureVac AG) 
–had been implicated due to the insufficient vaccine dosage design [28]. 
Therefore, insufficient vaccine antigen may be one of the reasons for the 
scarcity in neutralization of omicron BA.1 variant from protein-based 
vaccine booster. 

Accumulated evidence supports that booster vaccination would in
crease the neutralization breadth against SARS-CoV-2. A previous study 
showed that in individuals receiving mRNA vaccine one year after nat
ural infection, the vaccination strengthened all components of the B cell 
response and provoked the serum neutralizing activity against VOCs as 
well as, or even higher than the wild type strain [29]. Another study also 
showed similar findings: compared to sera obtained from those two-dose 
vaccines, sera from individuals after mRNA vaccine booster had a better 
and more robust correlation of wild-type virus neutralization with delta 
and omicron, indicating a better cross-neutralization ability [30]. Our 

study also found that regardless of the vaccine type, the neutralization 
titer against alpha and delta was comparable to the wild type. The 
finding re-assured the increased cross-neutralization activity after 
booster vaccination, and also reinforced the importance of the booster 
vaccination during the pandemic when new variants continue to 
emerge. 

In this study, neutralizing antibody against omicron BA.1 variant 
could not be detected in 60% of participants who received MVC- 
COV1901 as a booster by LVMNA. However, all participants boosted 
with MVC-COV1901 had detectable neutralizing antibody against omi
cron by PNA. Although there was a correlation between LVMNA and 
PNA, PNA itself could over-express or under-express binding receptors 
to influence neutralization. On the other hand, the shift of cell entry in 
the omicron variant may explain this discordance. Omicron variant has 
been proven to shift the main cell entry route from the TMPRSS2 
dependent pathway to the endocytic pathway, which is significantly 
different from other VOCs [31–33] Therefore, the neutralization titer 
obtained from LVMNA may better reflect omicron’s overall immune 
evasion performance, including antibody relevant and antibody inde
pendent immune evasion. 

Although humoral immunity after a booster varied, T cell response 
against different VOCs remained relatively consistent. A study assessing 
the cross-reactivity of T cell response to the omicron variant showed that 
T cell reactivity to omicron is preserved in most prior infected and 
vaccinated individuals [34]. Apart from the primary series, the T cell 
response after a booster mainly arises from memory T cell proliferation. 
Our study suggested that all the vaccines used in this study could 
generate efficient and equal T cell response in HCW primed by the 
ChAdOx1 nCov-19 in the heterologous booster design. 

The study identified no significant difference in neutralizing anti
body response between BNT162b2 and half-dose mRNA-1273 booster. 
The effectiveness of the two mRNA vaccines against symptomatic dis
ease by omicron variant in England was also similar [35]. The study 

Fig. 4. Correlation between anti-spike IgG and 
neutralizing antibodies after booster vaccina
tion. The correlations between anti-spike IgG 
and neutralizing antibodies against the wild 
type by LVMNA (Spearman’s correlation coef
ficient, 0.79, 95% CI 0.69–0.86; P < 0.001) (n 
= 120), neutralizing antibodies against the 
alpha variant by LVMNA (Spearman’s correla
tion coefficient, 0.79, 95% CI 0.69–0.86; P <
0.001) (n = 120), neutralizing antibodies 
against the delta variant by LVMNA (Spear
man’s correlation coefficient, 0.72, 95% CI 
0.59–0.81; P < 0.001), and neutralizing anti
bodies against the omicron BA.1 by LVMNA 
(Spearman’s correlation coefficient, 0.85, 95% 
CI 0.79–0.89; P < 0.001) (n = 120) are 
demonstrated. The gray shaded areas indicate 
the 95% CI of the best-fit line. Each dot in the 
figure represents an individual participant.   
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revealed that antibody response of half-dose mRNA-1273 was in be
tween BNT162b2 and mRNA-1273. With less local and systemic adverse 
events and comparable immunogenicity, the study supports the 
recommendation to use a half-dose rather than full-dose mRNA-1273 as 
a booster. Our study showed that mRNA vaccines were better than a 
protein vaccine (MVC-COV1901) in neutralizing antibody response to 
VOCs. 

There are limitations of the trial. First, this is not a “mix-and-match” 
trial. We enrolled only HCWs primed with 2 doses of ChAdOx1 nCov-19 
vaccines such that the design cannot evaluate the priming effect of 
different COVID-19 vaccine. Second, our participants are HCWs, and 
they are generally young without comorbidities. The immunogenicity in 
old age, the most vulnerable group, was not evaluated in this study. No 
direct conclusions can be drawn on the extent of responses in the elderly. 
However, previous studies showed similar booster effect on humoral and 
cellular responses between younger and older adults [13]. Third, our 
data does not include more detailed T-cell immune response evalua
tions, particularly responses to more recent omicron variants. One prior 
study revealed T-cell cross-recognition of omicron variant even when 
induced by the vaccine based on the progenitor strain [36]. The 
BA.4/BA.5 omicron variants contain more altered sequences and are 
more evasive of antibody induced by non-omicron strain, so more data 
are need for these newest omicron VOCs. 

The study indicated that LVMNA is a better method to evaluate 
neutralization activity of immune sera against immune evasion omicron 
variant. Third dose booster not only increases neutralizing antibody titer 
but also enhance antibody breadth against SARS-CoV-2 variants. Het
erologous booster vaccination with mRNA vaccines is recommended for 
those who have received 2 doses of ChAdOx1 nCov-19. 
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