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Heterologous vaccination with
inactivated vaccine and mRNA
vaccine augments antibodies
against both spike and
nucleocapsid proteins of SARS-
CoV-2: a local study in Macao
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Sek In Leong1, Chu Iong Nip1, Nga Man Choi1, Kai Seng Lai1,
Xi Jun Tang3*, Chon Leng Lei1* and Ren-He Xu2*

1Laboratory Department, Kiang Wu Hospital, Macao SAR, China, 2Faculty of Health Sciences,
University of Macau, Macao SAR, China, 3Laboratory Department, Zhuhai Hospital of Combined
Traditional Chinese and Western Medicine, Zhuhai, China
The mRNA vaccines (RVs) can reduce the severity and mortality of severe acute

respiratory syndrome coronavirus (SARS-CoV-2). However, almost only the

inactivated vaccines (IVs) but no RVs had been used in mainland China until

most recently, and the relaxing of its anti-pandemic strategies in December 2022

increased concerns about new outbreaks. In comparison, many of the citizens in

Macao Special Administrative Region of China received three doses of IV (3IV) or

RV (3RV), or 2 doses of IV plus one booster of RV (2IV+1RV). By the end of 2022,

we recruited 147 participants with various vaccinations in Macao and detected

antibodies (Abs) against the spike (S) protein and nucleocapsid (N) protein of the

virus as well as neutralizing antibodies (NAb) in their serum. We observed that the

level of anti-S Ab or NAb was similarly high with both 3RV and 2IV+1RV but lower

with 3IV. In contrast, the level of anti-N Ab was the highest with 3IV like that in

convalescents, intermediate with 2IV+1RV, and the lowest with 3RV. Whereas no

significant differences in the basal levels of cytokines related to T-cell activation

were observed among the various vaccination groups before and after the

boosters. No vaccinees reported severe adverse events. Since Macao took one

of the most stringent non-pharmaceutical interventions in the world, this study

possesses much higher confidence in the vaccination results than many other

studies from highly infected regions. Our findings suggest that the heterologous

vaccination 2IV+1RV outperforms the homologous vaccinations 3IV and 3RV as it

induces not only anti-S Ab (to the level as with 3RV) but also anti-N antibodies (via

the IV). It combines the advantages of both RV (to block the viral entry) and IV (to

also intervene the subsequent pathological processes such as intracellular viral

replication and interference with the signal transduction and hence the

biological functions of host cells).
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Introduction

The severe acute respiratory syndrome coronavirus (SARS-

CoV-2) that causes the coronavirus disease 2019 (COVID-19) has

evolved to an infectiously stronger but pathologically weaker

variant Omicron than its previous ones (1–3). However, it

remains crucial to generate new and effective vaccines against the

ever-evolving derivatives of the virus to control or reduce the

resurgences of the disease (4–8). For example, with the recent

relaxation of the strictest and longest anti-pandemic strategies in

China, it may raise concerns about the use of the limited types of

vaccines for one of the largest populations in the world when it

comes to tolerating Omicron infection (9). There are two major

categories of vaccine development, i.e., protein- and gene-based,

against viral diseases. Protein-based vaccines are conventional

vaccines that are generated through attenuation, inactivation, or

recombination of whole or individual viral proteins, which are

delivered as immunogens to activate the adaptive and humoral

immune response. Gene-based vaccines are delivered via a DNA or

RNA vector and are expressed in host cells to produce

corresponding antigens which induce the immune response. Both

protein- and gene-based vaccines have been employed for

prevention of COVID-19 (10).

The immune response to SARS-CoV-2 vaccines includes the

secretion of antibodies (Abs) by B cells, viral-specific CD4 and CD8

T cell responses, and antibody-dependent cell-mediated cytotoxicity

(ADCC) by natural killer cells. Neutralizing antibodies (NAbs) are

produced naturally by the body as part of the immune response to

defend from pathogens, and their production is triggered by both

infections and vaccinations against infections. The outer surface of

SARS-CoV-2 contains the spike (S), matrix (M), and envelope (E)

proteins. Protein S in particular is known to play a crucial role in viral

entry into host cells and infectivity and is a critical target for inducing

antibodies, especially NAbs against SARS-CoV-2 (11). The viral core

contains the nucleocapsid (N) protein; since protein N is “shielded” by

viral membranes, anti-N Abs are less likely to directly neutralize SARS-

CoV-2 (12).

The major gene-based vaccines that have been developed thus

far solely target protein S, the viral ligand to bind angiotensin-

converting enzyme 2 (ACE2) on host cells, thus preventing the viral

entry into the host cells. Many clinical studies have reported the

humoral response to these COVID-19 vaccinations. A common

observation is that messenger RNA (mRNA) vaccines (RVs) such as

BNT162b2 (Pfizer BioNTech) have higher immunogenicity and

neutralization efficacy against S protein, measured via anti-S Abs

and NAbs, than whole-virus inactivated vaccines (IVs) such as

BBIBP-CorV (Sinopharm) (13). However, studies also revealed that

IVs, like RVs, are effective in reducing the severity and mortality of

SARS-CoV-2 (14, 15). This raises the question of whether the ability

of IVs to induce Abs against the other viral proteins of SARS-CoV-

2, e.g., protein N compensates for its rather low titer of anti-S Abs

and NAbs. Indeed, anti-N Ab was detected in convalescents (16)

and was shown to improve viral clearance (17).

The Macao Special Administrative Region of China possesses a

small population of around 670,000 in a strictly bordered territory.

It is one of the first places that took non-pharmaceutical
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interventions to control its local outbreak of COVID-19 since

early 2020, keeping at less than hundred infections (including

non-symptomatic cases) until the first larger increase (to near two

thousand) on 18 June 2022 (18). Macao also has a solid

immunization policy with two to three doses of BBIBP-CorV

and/or BNT162b2 vaccines before its first local spread of SARS-

CoV-2 (18). Therefore, it is a region with very clear background of

infection and vaccination compared to many other regions or

countries that have suffered high infections. To this end, we

decided to study how both vaccine types synergize in inducing

the humoral immune responses. We recruited 147 participants in

Macao from April 2021 to August 2022 and collected their serum to

study the effects of BBIBP-CorV and BNT162b2 vaccines. Our

findings demonstrate that BBIBP-CorV and BNT162b2 synergize to

induce anti-S and -N Abs and NAb to SARS-CoV-2 which

otherwise cannot be achieved by either vaccine type alone.
Methods

Ethics statement

This work was conducted under an ethics protocol of the

University of Macau (#BSERE21-APP010-FHS). Only human

subjects above age of 18, excluding pregnant women, prisoners,

and mentally/cognitively impaired individuals, were recruited

following informed consent. Ten ml of peripheral blood was

drawn from each participant for antibody detection. Identifiable

information of donors such as names, telephone #s, ID #, and

addresses was removed from the samples and stored in a secured

computer in the principal investigator’s office.
Cohort definition and serum collection

A total of 147 individuals were recruited in this study

including 11 convalescents and were divided into several

groups according to their vaccination status and types. 2IV:

individuals who received two doses (0.5 mL) of BBIBP-CorV

(IV); 3IV: individuals who received three doses of BBIBP-CorV;

2RV: individuals who received two doses (0.6 mL) of BNT162b2

(RV); 3RV: individuals who received three doses of BNT162b2;

2IV+1RV: individuals who received two doses of BBIBP-CorV

and one booster of BNT162b2. Whole blood (10 mL) was drawn

from the individuals at Kiang Wu hospital and divided into two

parts: the first part was mixed with the anticoagulant heparin for

blood cell counting, and the second part was not mixed with the

anticoagulant for serum collection. Serum was isolated after

centrifugation and stored at -80°C for Ab measurements and

biochemical testing.
Serologic assays

The quantitative detection of serum antibody for SARS-CoV-2

S (spike, RBD), N (nucleocapsid) and the neutralizing antibody
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(NAb) was performed via electrochemiluminescence immunoassay

with Elecsys® Anti-SARS-CoV-2 S kit (Roche), Elecsys® Anti-

SARS-CoV-2 kit (N antigen as target, Roche), and MAGLUMI®

SARS-CoV-2 Neutralizing Antibody kit (Snibe), respectively,

according to the manufacturer’s instructions. All results were

automatically analyzed and generated in U/mL, cut-off index

(COI) or mg/mL based on the manuals. For anti-SARS-CoV-2 S,

< 0.80 U/mL was interpreted as negative and ≥ 0.80 U/mL as

positive. For anti-SARS-CoV-2 (N), COI < 1.0 was interpreted as

non-reactive and COI ≥ 1.0 as reactive. For Nab, ≥ 0.3 mg/mL was

interpreted as reactive.
Cytokine measurements

Serum concentrations of IFN-g, TNF-a, and IL-2 were

measured through enzyme-linked immunosorbent assay (ELISA)

using kits from Shanghai Kechen MicroBioTech, Ltd., (cat. #

KCW301152, KCW320663, and KCW320226, respectively)

according to the manufacturer’s instructions. Concentrations were

calculated based on standard curves established using provided

standard samples and the sensitivity of these assays was 1.0 pg/mL.
Frontiers in Immunology 03
Statistical analysis

All analyses were performed using a Bayesian framework for

hypothesis testing (19). For the hypothesis testing, the likelihood

function of the data under a logarithmic (with base 10)

transformation of a group was assumed to follow a Student-t

distribution. The priors of the model were assumed to be an

uninformative normal prior for the mean for all groups, with its

hyperparameters to be the pooled empirical mean and five-fold of

the pooled empirical standard deviation of the whole data set; the

standard deviation for all groups follows a uniform prior; the prior

for the degree of normality exponentially distributed with a mean of

30. The posteriors were sampled using a Markov chain Monte Carlo

(MCMC) sampling scheme through a probabilistic programming

framework in Python, PyMC3 (20), with a No-U-Turn sampler

(NUTS) (21).
Results

Using the serologic assays for anti-S and -N Abs and NAb to

SARS-CoV-2 in the participants with vaccinations, we first analyzed
FIGURE 1

Serologic assays against SARS-CoV-2 for the booster effect of the third vaccinations. Abs against proteins S (top) and N (middle) and Nab (bottom)
were determined on serum samples collected before and after the (third) booster dose with either BBIBP-CorV (IV) or BNT162b2 (RV). N = 16, 8, and
7 biologically independent samples for 3IV (blue), 2IV+1RV (red), and 3RV (green), respectively. Each pair of connected grey points represents a
participant. Each dashed line represents the reactive level for the corresponding test (see Methods). A Bayesian analysis of the booster effects is
shown in Figure S1.
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data from those tested the Abs before and after the booster dose

(Figure 1). The IV booster (third) significantly increased the level of

anti-N Ab (3IV participants) when comparing to the groups with

the RV booster (2IV+1RV and 3RV participants). However, after

administration of the RV booster, the levels of anti-S Ab and NAb

markedly increased, compared to the IV booster (Figure S1). These

data show that the booster dose with RV enhanced anti-S Ab and

NAb but not anti-N Ab regardless of the vaccine types (IV or RV) in

the previous vaccinations, whereas the booster dose with IV

promoted anti-N Ab only. Most individuals showed a normal

range of blood cell counts (data not shown) and biochemical

indices in the serum such as high-sensitivity C-reactive protein

(hsCRP, a parameter for inflammation), lactate dehydrogenerase

(LDH, a general marker for tissue damage), high-sensitivity

troponin-T (TnT, a specific marker for cardiac damage), and

creatine kinase MB (CKMB, a specific marker for muscle

damage) (Figure 2), indicating no obvious toxicity of the vaccines,

consistent with the literature (22, 23).
Frontiers in Immunology 04
Next, we analyzed all the data from those tested the Abs with

the booster dose as well as the convalescents. Using the same

serologic assays for 11 convalescents within two months after

cure, we found that the convalescents had similar levels of anti-S

Ab and NAb as the 2IV+1RV and 3RV vaccinees (Figure 3). The

level of anti-N Ab for the convalescents was like that for 3IV but

higher than that for 2IV+1RV, and the latter was higher than that

for 3RV (Figure S2). Convalescents who received RV vaccination(s)

(N = 5) had a similar level of anti-N Ab to that of the healthy 3IV

vaccinees, and the levels in both groups were higher than that in the

healthy 3RV vaccinees (Figure 3). These data suggest that COVID-

19 infections promoted not only the anti-S Ab and NAb levels but

also the anti-N Ab level regardless of the vaccination history. To test

cellular response to the vaccinations, we measured IFN-g, TNF-a,
and IL-2 related to T-cell activation before and after the boosters.

No significant differences in the basal levels of these cytokines in the

serum of the participants were observed among the various

vaccination groups (Figure S4).
FIGURE 2

Biochemical assays on serum from three vaccination groups. Some relevant indices including TnT, hsCRP, LDH, and CKMB were displayed in both
probability density plots (diagonal panels) and pairwise scatterplots (off diagonal panels), showing no major differences between the vaccination
groups. N = 50, 24, and 21 for 3IV, 2IV+1RV, and 3RV, respectively. Each point in the pairwise scatterplot represents a participant. Dashed lines
represent the reference level for the corresponding index, where the non-grayed areas are the normal ranges.
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Discussion

In this study, we compared the levels of anti-S, anti-N Ab, and

NAb in vaccinees in Macao following the use of IV, RV, or their

heterologous use. We found that the RV booster following 2IV or

2RV increased anti-S Ab and NAb but not anti-N Ab. In contrast,

only the IV booster increased anti-N Ab, consistent with the nature

of IV which theoretically contained most, if not all, of the viral

proteins including protein N, although IV induced lower anti-S Ab

and NAb levels than RV. Our results highlight the benefit of IV to

induce humoral response to all the viral proteins.

A recent study in Hong Kong reported that BNT162B2 (3 doses,

3RV) was more effective than CoronaVac (3 doses, 3IV) to reduce

the rate of mild/moderate disease of Omicron BA.2, whereas both

were similarly effective (over 90%) in reducing severe/fatal disease

and mortality (14). Vaccinations with IVs alone prevented the

infection of Omicron by only 13.2% but reduced its severe/fatal

disease by 88.6% and mortality by 91.7% (15). These findings have

demonstrated the effectiveness of IV, like RV, in preventing the

severity of SARS-CoV-2 variants such as Omicron.

Anti-S Ab and NAb are crucial for prevention of SARS-CoV-2

infection by blocking the viral entry into host cells. However, IV-

induced Abs against multiple viral proteins may contribute to the

reduction of the severity and mortality, since the other viral proteins

are also critical for the pathological development of COVID-19 (24).

Furthermore, a study showed that around 7% of Abs isolated from

3IV vaccinees were effective against Omicron (25), indicating that

these Abs may contribute to the effectiveness of 3IV in reducing the

rate of severe/fatal disease by targeting the viral proteins, including

protein N. To survive the host immune resistance developed via

infections or vaccinations, SARS-CoV-2 has countered via frequently

developed mutations in its S-encoding gene. All the variants of SARS-

CoV-2 identified thus far contain much more frequent mutations in

protein S than the other proteins, e.g., protein N (26, 27). It has been

reported that, compared to RVs, IVs induced higher T-cell responses

against multiple SARS-CoV-2 proteins (28, 29), suggesting the

potential advantage of IVs against highly mutated SARS-CoV-2.

However, we didn’t observe significant differences in the seral levels
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of cytokines related to T-cell activation among the various

vaccination groups (Figure S4). Such differences might only occur

shortly after antigen reattack such as a booster vaccination or

infection and would gradually disappear with time.

Currently, even 4RV could not prevent Omicron infection, and

the viral load and infectivity increased in infected people following

4RV (30). Yet, the NAb activity with 2IV+1RV reached almost as

high as that in convalescent with 1RV but higher than that in

healthy vaccinees with 1RV (31), indicating the effectiveness of IV

resembling the immune response following an infection. In a study

of over 14 million people in Brazil, 2IV+1RV reduced infection and

severe disease by 92.7% and 97.3%, respectively, while 2IV alone

reduced infection and severe disease by 55.0% and 82.1%,

respectively (32). These results further support the beneficial

effect of heterologous vaccinations with the two vaccine platforms

and are consistent with our findings.

In summary, we found that heterologous vaccinations of IV and

RV induce not only a high titer of anti-S Ab and NAb but also anti-

N Ab. Compared to the single-target effect of RV, the heterologous

vaccinations of IV and RV launches a multi-target attack to the

virus during not only the viral entry but also the subsequent

pathological processes. This may be correlated to the low

infection rate and reduced severity and mortality in those with

the heterologous vaccinations as discussed above. Further research

is necessary to study the duration of the vaccination effects and the

efficacy of anti-N Ab in interfering with the pathological process of

SARS-CoV-2 and protecting against the viral variants. Nevertheless,

our results provide new evidence for the benefit of heterologous

vaccinations of IV and RV from a local population contained under

stringent conditions, which shall support the decision-making for

future vaccine development and vaccination strategies.
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FIGURE 3

Serologic assays against SARS-CoV-2 for comparison of vaccinees and convalescents. Abs against proteins S (left) and N (middle) and Nab (right)
were determined on serum samples collected from various groups of vaccinees as well as for convalescents within two months after cure. N = 50,
24, 21, 11 for 3IV, 2IV+1RV, 3RV, and convalescents, respectively. Each point represents a participant. The vaccination history of the convalescents
was marked with green (N = 5) for convalescents with RV(s) and red (N = 6) for convalescents with IV(s). The dashed line in each panel represents
the reactive level for the corresponding test.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1131985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ng et al. 10.3389/fimmu.2023.1131985
Ethics statement

The studies involving human participants were reviewed and

approved by the University of Macau (#BSERE21-APP010-FHS).

The patients/participants provided their written informed consent

to participate in this study.
Author contributions

R-HX, HMN, and CLoL conceived of and designed the

research. HMN, SF, EL, XJT, SL, CN, NC, KL and CLeL

performed the experiments, and CLoL analyzed the data. CLoL

and R-HX wrote the manuscript. R-HX gave the final approval of

the manuscript. All authors contributed to the article and approved

the submitted version.
Funding

This work was supported by Ministry of Science and

Technology National Key R&D grant [2022YFA1105000], Macau

Science and Technology Development Fund (FDCT) grants [0002-

2021-AKP, and University of Macau grants [CPG2023-00009-FHS,

MYRG2020-00140-FHS and MYRG2022-00044-FHS, 0071-2022-

A2] to R-HX, and Kiang Wu Hospital fund to HN.
Frontiers in Immunology 06
Acknowledgments

The authors thank the Clinical Testing Laboratory, Kiang Wu

Hospital for their services in sample collection and testing.
Conflict of interest

R-HX is a founder of ImStem Biotechnology, Inc., a stem

cell company.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1131985/

full#supplementary-material
References
1. Yi Y, Lagniton PNP, Ye S, Li E, Xu R-H. COVID-19: what has been learned and to
be learned about the novel coronavirus disease. Int J Biol Sci (2020) 16:1753–66. doi:
10.7150/ijbs.45134

2. Flemming A. Omicron, the great escape artist. Nat Rev Immunol (2022) 22:75–.
doi: 10.1038/s41577-022-00676-6

3. Abou Ghayda R, Lee KH, Han YJ, Ryu S, Hong SH, Yoon S, et al. The global case
fatality rate of coronavirus disease 2019 by continents and national income: a meta-
analysis. J Med Virol. (2022) 94:2402–13. doi: 10.1002/jmv.27610

4. Arbel R, Hammerman A, Sergienko R, Friger M, Peretz A, Netzer D, et al.
BNT162b2 vaccine booster and mortality due to covid-19. New Engl J Med (2021)
385:2413–20. doi: 10.1056/NEJMoa2115624

5. Fan G, Song H, Yip S, Zhang T, He D. Impact of low vaccine coverage on the
resurgence of COVID-19 in central and Eastern Europe. One Health (2022) 14:100402.
doi: 10.1016/j.onehlt.2022.100402

6. van der Vegt SA, Dai L, Bouros I, Farm HJ, Creswell R, Dimdore-Miles O, et al.
Learning transmission dynamics modelling of COVID-19 using comomodels. Math
Biosciences (2022) 349:108824. doi: 10.1016/j.mbs.2022.108824

7. Lian X, Huang J, Zhang L, Zhao Y, Wang D, Gao S, et al. The advantage of
inactivated vaccine for preventing the omicron outbreak. Preprints (2022). doi:
10.20944/preprints202203.0076.v1

8. Tregoning JS, Flight KE, Higham SL, Wang Z, Pierce BF. Progress of the COVID-
19 vaccine effort: viruses, vaccines and variants versus efficacy, effectiveness and escape.
Nat Rev Immunol (2021) 21:626–36. doi: 10.1038/s41577-021-00592-1

9. Mallapaty S. China Is relaxing its zero-COVID policy {{/amp]]mdash; here’s what
scientists think. Nature (2022) 612:383–4. doi: 10.1038/d41586-022-04382-0

10. Park JW, Lagniton PNP, Liu Y, Xu R-H. mRNA vaccines for COVID-19: what,
why and how. Int J Biol Sci (2021) 17:1446–60. doi: 10.7150/ijbs.59233

11. Yang L, Xie X, Tu Z, Fu J, Xu D, Zhou Y. The signal pathways and treatment of
cytokine storm in COVID-19. Signal Transduction Targeted Ther (2021) 6:255. doi:
10.1038/s41392-021-00679-0
12. Wajnberg A, Amanat F, Firpo A, Altman DR, Bailey MJ, Mansour M, et al.
Robust neutralizing antibodies to SARS-CoV-2 infection persist for months. Science.
(2020) 370:1227–30. doi: 10.1126/science.abd7728

13. Zuo F, Abolhassani H, Du L, Piralla A, Bertoglio F, de Campos-Mata L, et al.
Heterologous immunization with inactivated vaccine followed by mRNA-booster
elicits strong immunity against SARS-CoV-2 omicron variant. Nat Commun (2022)
13:2670. doi: 10.1038/s41467-022-30340-5

14. McMenamin ME, Nealon J, Lin Y, Wong JY, Cheung JK, Lau EHY, et al.
Vaccine effectiveness of one, two, and three doses of BNT162b2 and CoronaVac against
COVID-19 in Hong Kong: a population-based observational study. Lancet Infect Dis.
(2022) 22:1435 – 43. doi: 10.1016/S1473-3099(22)00345-0

15. Huang Z, Xu S, Liu J, Wu L, Qiu J, Wang N, et al. Effectiveness of inactivated and
Ad5-nCoV COVID-19 vaccines against SARS-CoV-2 omicron BA. 2 variant infection,
severe illness, and death. BMCMed (2022) 20(1):400. doi: 10.1186/s12916-022-02606-8

16. Brochot E, Demey B, Touzé A, Belouzard S, Dubuisson J, Schmit J-L, et al. Anti-
spike, anti-nucleocapsid and neutralizing antibodies in SARS-CoV-2 inpatients and
asymptomatic individuals. Front Microbiol (2020) 11. doi: 10.3389/fmicb.2020.584251

17. Dangi T, Sanchez S, Class J, Richner M, Visvabharathy L, Chung YR, et al.
Improved control of SARS-CoV-2 by treatment with a nucleocapsid-specific
monoclonal antibody. J Clin Invest (2022) 132(23):e162282. doi: 10.1172/JCI162282

18. (2022). Available at: https://www.ssm.gov.mo/apps1/PreventCOVID-19/en.
aspxclg22916.

19. Kruschke JK. Bayesian Estimation supersedes the t test. J Exp Psychology: Gen.
(2013) 142:573–603. doi: 10.1037/a0029146

20. Salvatier J, Wiecki TV, Fonnesbeck C. Probabilistic programming in Python
using PyMC3. PeerJ Comput Sci. (2016) 2:e55. doi: 10.7717/peerj-cs.55

21. Hoffman MD, Gelman A. The no-U-Turn sampler: adaptively setting path
lengths in Hamiltonian Monte Carlo. J Mach Learn Res (2014) 15:1593–623.

22. Anand P, Stahel VP. The safety of covid-19 mRNA vaccines: a review. Patient
Saf Surg. (2021) 15:20. doi: 10.1186/s13037-021-00291-9
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1131985/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1131985/full#supplementary-material
https://doi.org/10.7150/ijbs.45134
https://doi.org/10.1038/s41577-022-00676-6
https://doi.org/10.1002/jmv.27610
https://doi.org/10.1056/NEJMoa2115624
https://doi.org/10.1016/j.onehlt.2022.100402
https://doi.org/10.1016/j.mbs.2022.108824
https://doi.org/10.20944/preprints202203.0076.v1
https://doi.org/10.1038/s41577-021-00592-1
https://doi.org/10.1038/d41586-022-04382-0
https://doi.org/10.7150/ijbs.59233
https://doi.org/10.1038/s41392-021-00679-0
https://doi.org/10.1126/science.abd7728
https://doi.org/10.1038/s41467-022-30340-5
https://doi.org/10.1016/S1473-3099(22)00345-0
https://doi.org/10.1186/s12916-022-02606-8
https://doi.org/10.3389/fmicb.2020.584251
https://doi.org/10.1172/JCI162282
https://www.ssm.gov.mo/apps1/PreventCOVID-19/en.aspxclg22916
https://www.ssm.gov.mo/apps1/PreventCOVID-19/en.aspxclg22916
https://doi.org/10.1037/a0029146
https://doi.org/10.7717/peerj-cs.55
https://doi.org/10.1186/s13037-021-00291-9
https://doi.org/10.3389/fimmu.2023.1131985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ng et al. 10.3389/fimmu.2023.1131985
23. Xia S, Duan K, Zhang Y, Zhao D, Zhang H, Xie Z, et al. Effect of an inactivated
vaccine against SARS-CoV-2 on safety and immunogenicity outcomes: interim
analysis of 2 randomized clinical trials. JAMA (2020) 324:951–60. doi: 10.1001/
jama.2020.15543

24. Yadav R, Chaudhary JK, Jain N, Chaudhary PK, Khanra S, Dhamija P, et al. Role
of structural and non-structural proteins and therapeutic targets of SARS-CoV-2 for
COVID-19. Cells (2021) 10:821. doi: 10.3390/cells10040821

25. Wang K, Jia Z, Bao L, Wang L, Cao L, Chi H, et al. Memory b cell repertoire
from triple vaccinees against diverse SARS-CoV-2 variants. Nature (2022) 603:919–25.
doi: 10.1038/s41586-022-04466-x

26. Grifoni A, Sidney J, Zhang Y, Scheuermann RH, Peters B, Sette A. A sequence
homology and bioinformatic approach can predict candidate targets for immune
responses to SARS-CoV-2. Cell Host Microbe (2020) 27:671–80.e2. doi: 10.1016/
j.chom.2020.03.002

27. Feng W, Xiang Y, Wu L, Chen Z, Li Q, Chen J, et al. Nucleocapsid protein of
SARS-CoV-2 is a potential target for developing new generation of vaccine. J Clin Lab
Anal. (2022) 36:e24479. doi: 10.1002/jcla.24479
Frontiers in Immunology 07
28. Peng Y, Mentzer AJ, Liu G, Yao X, Yin Z, Dong D, et al. Broad and strong
memory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK convalescent
individuals following COVID-19. Nat Immunol (2020) 21:1336–45. doi: 10.1038/
s41590-020-0782-6

29. Mok CKP, Cohen CA, Cheng SMS, Chen C, Kwok K-O, Yiu K, et al.
Comparison of the immunogenicity of BNT162b2 and CoronaVac COVID-19
vaccines in Hong Kong. Respirology (2022) 27:301–10. doi: 10.1111/resp.14191

30. Regev-Yochay G, Gonen T, Gilboa M, Mandelboim M, Indenbaum V, Amit S,
et al. Efficacy of a fourth dose of covid-19 mRNA vaccine against omicron. New Engl J
Med (2022) 386:1377–80. doi: 10.1056/NEJMc2202542

31. Cheng SMS, Mok CKP, Leung YWY, Ng SS, Chan KCK, Ko FW, et al.
Neutralizing antibodies against the SARS-CoV-2 omicron variant BA.1 following
homologous and heterologous CoronaVac or BNT162b2 vaccination. Nat Med
(2022) 28:486–9. doi: 10.1038/s41591-022-01704-7

32. Cerqueira-Silva T, Katikireddi SV, de Araujo Oliveira V, Flores-Ortiz R, Júnior
JB, Paixão ES, et al. Vaccine effectiveness of heterologous CoronaVac plus BNT162b2 in
Brazil. Nat Med (2022) 28:838–43. doi: 10.1038/s41591-022-01701-w
frontiersin.org

https://doi.org/10.1001/jama.2020.15543
https://doi.org/10.1001/jama.2020.15543
https://doi.org/10.3390/cells10040821
https://doi.org/10.1038/s41586-022-04466-x
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1002/jcla.24479
https://doi.org/10.1038/s41590-020-0782-6
https://doi.org/10.1038/s41590-020-0782-6
https://doi.org/10.1111/resp.14191
https://doi.org/10.1056/NEJMc2202542
https://doi.org/10.1038/s41591-022-01704-7
https://doi.org/10.1038/s41591-022-01701-w
https://doi.org/10.3389/fimmu.2023.1131985
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Heterologous vaccination with inactivated vaccine and mRNA vaccine augments antibodies against both spike and nucleocapsid proteins of SARS-CoV-2: a local study in Macao
	Introduction
	Methods
	Ethics statement
	Cohort definition and serum collection
	Serologic assays
	Cytokine measurements
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


