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ABSTRACT
Introduction: Coronavirus disease 2019 (COVID-19) has had an enormous impact worldwide, and 
vaccination is believed to be the method that will control the pandemic. Several types of vaccines 
developed using different platforms have been authorized, but the immunogenicity and reactogenicity 
of heterologous prime–boost vaccination with different vaccines remain largely unclear.
Areas covered: Electronic databases including PubMed, Embase, medRxiv, Research Square, and SSRN 
were searched to investigate the immunogenicity and reactogenicity associated with heterologous 
vaccination.
As of 30 June 2021, four trials including 1,862 participants were identified. Heterologous administration 
of BNT162b2 (BNT) in ChAdOx1 (ChAd)-primed participants (ChAd/BNT) showed noninferior immuno-
genicity to homologous BNT administration (both prime and booster were BNT vaccines, BNT/BNT) with 
tolerable reactogenicity and higher T cell responses. Compared with homologous ChAdOX1 vaccination 
(ChAd/ChAd), heterologous ChAd/BNT was found to elicit higher immunogenicity (ChAd/BNT vs. ChAd/ 
ChAd, antibody titer ratio: 9.2).
Expert opinion: Our systematic review found robust immunogenicity and tolerable reactogenicity of 
heterologous administration of a BNT162b2 boost in ChAdOx1-primed participants. An additional 
benefit of stronger T cellular immunity was also observed. Heterologous vaccination is a reasonable 
and feasible strategy to combat COVID-19. Further studies are warranted to confirm the benefits and 
identify the optimal combinations, doses, and intervals.
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1. Introduction
The pandemic coronavirus disease 2019 (COVID-19) caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has resulted in enormous health threats and impacts [1,2]. As 
of 30 June 2021, more than 180 million people had been 
infected, with approximately 4 million deaths [1]. Although 
various aggressive or moderate strategies have been applied 
to control the pandemic in many countries, such as lockdown 
of cities, border control, or widespread personal protective 
equipment use, the spread of COVID-19 is still rising in many 
areas [1,3,4]. Vaccination against SARS-CoV-2 was believed to 
be the key to controlling the pandemic, and many companies 
have invested in research and vaccine design since the begin-
ning of the pandemic [5–7]. As of late June 2021, several 
vaccines produced with different platforms had been author-
ized for emergency use and administered to stop the pan-
demic [2]. As of late June 2021, approximately 23.8% of the 
world population had received at least one dose of a COVID- 
19 vaccine, and daily new cases slowed in countries with 
widespread vaccination [1]. Some countries lifted their lock-
downs gradually, and the importance of COVID-19 vaccines as 

the critical tool in the pandemic was emphasized. Excellent 
vaccine effectiveness has been observed in real-world admin-
istrations, and increasing vaccine coverage is the next step in 
eliminating the pandemic [8].

Different platforms have been used to produce COVID-19 
vaccines, including nucleic acid (DNA and RNA), viral vector, 
protein subunit, and whole-virus platforms. As of late June 
2021, there were several approved vaccines available on the 
market, including BNT162b2 (BNT, messenger RNA platform, 
mRNA, by Pfizer/BioNTech, Germany), mRNA-1273 (mRNA plat-
form, by Moderna, USA), ChAdOx1 (ChAd, AZD1222, adeno-
virus vectored platform, by AstraZeneca/Oxford, UK), Janssen/ 
Ad26.COV 2.S (adenovirus vectored platform, by Johnson & 
Johnson, USA), Sinopharm (inactivated whole-virus vaccine, by 
Beijing Bio-Institute of Biological Products Co Ltd, China), and 
Sinovac-CoronaVac (inactivated whole-virus vaccine, by 
Beijing-based pharmaceutical company Sinovac, China), etc 
[2]. The premarket efficacy was good, and postmarketing sur-
veillance also showed robust effectiveness [9]. According to 
the vaccine instructions and clinical trial design, two doses are 
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required to ensure adequate protection for most of these 
vaccines, and the prime–boost interval ranged from 21 days 
to 3 months. The two doses should be the same (i.e. homo-
logous vaccination), and the World Health Organization has 
not recommended heterologous vaccination at present [2].

Heterologous vaccination refers to the use of booster and 
priming vaccines developed with different platforms. 
Heterologous vaccination against COVID-19 should be consid-
ered under some circumstances. First, vaccine shortages and 
supply delays might occur. Although novel technology was 
introduced to manufacture these vaccines, the vaccine supply 
remains inadequate, and it will take time to produce enough 
vaccines for all global residents. A shortage of vaccines might 
result in delayed administration of the second dose. Timely 
second-dose administration remains a challenge in many coun-
tries, and only 1% of people in low-income countries have 
received full vaccination. The issue of vaccine equity and avail-
ability is a major concern. Furthermore, adenovirus-vector vac-
cine-related thromboembolic issues have attracted global 
attention and have changed vaccine policies in some areas 
[10]. For example, rare cases of blood clotting after ChAdOx1 
(ChAd) vaccination have been reported, and since May 2021, 
the UK government has recommended that people younger 
than 40 years old seek an alternative vaccine. With this policy 
change, ChAd-primed people might receive different vaccines 
as a booster against COVID-19. Moreover, some patients may 
have serious adverse events after prime vaccination, such as 
anaphylaxis. In these cases, an alternative second vaccination 
should be recommended. Finally, the emerging variants of 
concern have drawn attention, and breakthrough infections 
have been reported [11]. Heterologous vaccination might pro-
vide better efficacy to combat COVID-19 variants [12,13].

As the situation has changed and supply might not meet 
demand, there is a need for heterologous vaccination with 
different COVID-19 vaccines. However, evidence supporting 
heterologous vaccination is scarce at present [14]. Some trials 
have been conducted to investigate the immunogenicity and 
reactogenicity of heterologous administration of COVID-19 
[15]. Therefore, we conducted this systematic review to inves-
tigate the effects of heterologous COVID-19 vaccination.

2. Methods

2.1. Study design and literature search

Our study was conducted in accordance with the Preferred 
Reporting Items for Systematic Reviews and Meta-analyses 
(PRISMA) guidelines and approved by the Institutional 
Review Board of the MacKay Memorial Hospital, Taipei, 
Taiwan (approval number, 20MMHIS140e) [16,17]. The ‘PICO’ 
(Patient, Intervention, Comparison, Outcome) used for the 
literature search of our study were as follows: patients were 
people with COVID-19 vaccination; intervention was heterolo-
gous vaccination; comparison was people with homologous 
vaccination; and outcomes were immunogenicity and reacto-
genicity. Therefore, we used ‘COVID-19 vaccine’ as a search 
term in electronic medical databases. We further used com-
prehensive keywords, such as ‘COVID-19,’ ‘COVID-2019,’ 
‘severe acute respiratory syndrome coronavirus 2,’ ‘2019- 
nCoV,’ ‘vaccination,’ ‘BNT,’ “AstraZeneca“, ‘Moderna,’ 
‘Janssen,’ ‘mRNA,’ ‘adenovirus vector,’ ‘heterologous,’ and 
‘boost’ with Boolean operators and MeSH terms. Electronic 
medical databases including PubMed/Medline, EMBASE, and 
the Cochrane database were searched up to 30 June 2021. We 
also searched preprint medical databases including medRxiv, 
Research Square, and SSRN. No constraints were placed on 
language, year of publication, or participant characteristics to 
ensure a comprehensive search and identify the maximum 
number of potential articles. The search details and database 
websites are attached as supplementary file 1. Two authors 
performed a literature search independently, and disagree-
ments were resolved through a discussion with the third 
author.

2.2. Study selection, data extraction, systematic review, 
and meta-analyses

Randomized controlled trials or cohort studies investigating 
heterologous COVID-19 vaccination were included. The exclu-
sion criteria were as follows: duplicate publications from dif-
ferent databases, irrelevant articles (such as epidemiological 
studies or surveillance work), studies that did not evaluate 
immunogenicity or reactogenicity, simple case reports, animal 
studies, trials with the same platform or no comparison arm, 
editorials, and review articles. Primary outcomes were the 
immunogenicity of heterologous and homologous COVID-19 
vaccination. Secondary outcomes were the reactogenicity of 
all vaccine combinations. Two authors appraised the selected 
articles independently and extracted the following data: name 
of the first author, study country, study type, participant 
population, participant age/gender, prime vaccine type, 

Article highlights

● COVID-19 vaccines produced using different platforms have been 
widely administered, but challenges have arisen, including vaccine 
supply shortages, perceived serious but very rare adverse events after 
the first dose, the much-publicized thromboembolic effects, and the 
emergence of variants of concern. Heterologous prime–boost vacci-
nation refers to a scheme in which the booster vaccination and prime 
vaccination utilize different platforms; heterologous vaccination 
might be an alternative strategy, but the immunogenicity and reac-
togenicity remain largely unclear.

● Our systematic review identified four trials with 1862 participants, 
and we found robust immunogenicity of heterologous administration 
of BNT162b2 (BNT) in ChAdOx1(ChAd)-primed participants (ChAd/ 
BNT).

● Homologous BNT162b2 vaccinations and heterologous ChAd/BNT 
had the highest antibody titers.

● Heterologous ChAd/BNT had the highest T cellular responses.
● Higher neutralizing activities against variants of concern B.1.1.7, 

B.1.351, and B.1.617 were observed in heterologous ChAd/BNT 
vaccinations.

● Although adverse events were more commonly reported in the BNT- 
boosted participants, reactogenicity was tolerable in all 
combinations.

● Heterologous vaccination was a feasible and reasonable strategy. 
Further studies are encouraged to confirm the clinical effectiveness 
and identify the optimal combinations, doses, and intervals.
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booster vaccine type, interval between prime and boost vac-
cine, immunogenicity profiles, clinical outcomes, reactogeni-
city, and author conclusion. For quality assessment, the 
Revised Cochrane risk-of-bias tool for randomized trials (RoB 
2) for randomized controlled trials and the Newcastle–Ottawa 
Scale (NOS) for observational cohort studies were used [18,19]. 
Two authors assessed study quality independently based on 
the domains of selection, ascertainment, causality, and report-
ing. If disagreement occurred, a consensus was reached 
through a discussion with the third author.

Because the techniques used to measure COVID-19 anti-
bodies and criteria for positivity vary in different laboratories 
at present, direct head-to-head antibody level comparison was 
inappropriate; we did not perform meta-analyses to compare 
the immunogenicity of different studies. We performed net-
work meta-analyses using random-effect models to investi-
gate reactogenicity, such as the incidence of fever after 
vaccination. We ranked the relative probabilities of the inci-
dence of fever after vaccination and presented the rankings 
with forest plots and league tables.

2.3. Statistical analyses

Assuming that the true effect size was not the same, we used a 
random-effect regression model for meta-analyses. The Lu & 
Ades model for network meta-analysis, consisting of direct and 
indirect comparisons, was conducted to compare the effect sizes 
between studies [20]. The τ2 statistic was used to evaluate the 
heterogeneity among the included studies. Comparison- 
adjusted funnel plots and Egger tests were used to examine 
potential publication bias. We used the loop-specific approach 
and node-splitting models to investigate the potential inconsis-
tency between the direct and indirect evidence within the net-
work [21]. We ranked the relative probabilities for the incidence 
of fever after vaccination using the p score and the surface 
under the cumulative ranking curve, which reflected the percen-
tage of incidence rates of each combination [22]. A p value less 
than 0.05 was considered statistically significant. MedCalc 
(MedCalc Software, Belgium) v18 and R software version 4.0.3 
(R Foundation for Statistical Computing, Vienna, Austria) were 
used for statistical analyses.

3. Results

3.1. Flowchart of systematic review

As of 30 June 2021, 18,025 articles were identified in the 
medical research databases (Figure 1). A total of 10,067 dupli-
cate articles in different databases were removed. We 
screened the title and abstract of the remaining articles and 
excluded articles with no heterologous vaccination, including 
basic trials, animal studies, editorial/review articles, and epide-
miological and single-arm studies. Finally, 14 full-text articles 
were assessed for eligibility. The Sputnik V vaccine (or Gam- 
COVID-Vac, adenovirus vectored platform, by the Gamaleya 
Research Institute of Epidemiology and Microbiology, Russia) 
is also an adenovirus vectored vaccine produced using two 
recombinant replication-defective human adenoviruses: Ad26 
and Ad5. The primary vaccination was Ad26-vectored, and the 

booster was Ad5-vectored. The immunogenicity of this hetero-
logous administration was robust; however, it was not 
included in our review because it uses the same vaccine plat-
form, and no comparison with vaccines produced using other 
platforms was conducted [23]. Two studies involving animal 
studies and one study with case reports were not included 
[24–26]. Two articles reported the results from the same trial 
(Com-COV) [15,27]. Finally, 4 trials from 5 articles were identi-
fied that fulfilled our inclusion and exclusion criteria (Table 1) 
[15,27–30]. One study was conducted in the UK, one in Spain, 
and two in Germany. Two were randomized controlled trials, 
and two were cohort studies. A total of 1862 participants with 
a female predominance (52.7%) were included, and the med-
ian ages in the studies were 30.5 to 57.8 years. The prime/ 
boost interval ranged from 4 to 12 weeks. We used the follow-
ing abbreviations for individual vaccines: ChAdOx1 (ChAd) and 
BNT162b2 (BNT).

Furthermore, we use a slash to indicate the prime and 
booster vaccines; for example, ChAd/BNT denotes prime with 
ChAd followed by a BNT booster, and BNT/BNT refers to 
homologous vaccination with BNT as both prime and booster. 
The antibody titers (spike protein and neutralizing antibody) 
and T cellular responses were investigated in all studies. One 
study determined the neutralizing activity for variants of con-
cern [29]. Robust immunogenicity of ChAd/BNT heterologous 
vaccination was reported in all studies. The reactogenicity was 
tolerable across studies.

3.2. Comparison of immunogenicity

Six kinds of vaccine schedules were identified, and further 
comparisons of prime/boost combinations are summarized in 
Table 2, specifically, ChAd vs. ChAd/BNT, ChAd/ChAd vs. 
ChAd/BNT, BNT/BNT vs. ChAd/BNT, and BNT/BNT vs. BNT/ 
ChAd. The immunogenicity profiles were summarized, includ-
ing anti-receptor binding domain (RBD) antibody, anti-spike 
protein IgG, neutralizing antibody, and T cellular responses. 
The detected binding antibody titers were highest among 
participants with either homologous BNT/BNT or heterologous 
ChAd/BNT vaccination. However, stronger T cell immunity was 
observed in heterologous ChAd/BNT vaccination. Compared 
with single-dose ChAd vaccination, heterologous ChAd/BNT 
vaccination had superior immunogenicity (antibody titer 
ratios: 36.41 to 138). Compared with homologous ChAd/ 
ChAd vaccination, heterologous ChAd/BNT also had a higher 
neutralizing antibody level (geometric mean titer ratio, GMR: 
9.2). However, the heterologous BNT/ChAd vaccination was 
less potent and less immunogenic than homologous BNT/ 
BNT (GMR: 0.51).

3.3. Comparison of reactogenicity

Reactogenicity was more common in people who received 
heterologous vaccination. Serious adverse events were 
reported in 4 participants but were not related to the vaccina-
tion [27]. Fatigue and myalgia, chills, and feverishness were 
common discomforts after vaccination. We further conducted 
a network meta-analysis to compare the incidence of objective 
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fever after each vaccine combination (Figure 2). Individuals 
primed with ChAd had the highest rate of fever. We ranked 
the p score in descending order as ChAd, BNT/ChAd, ChAd/ 
BNT, BNT/BNT, BNT, and ChAd/ChAd. Compared with homo-
logous vaccination, heterologous boost induced higher rates 
of fever. The net graph, direct evidence estimates, Egger’s test, 
node-splitting forest plot, and league table were conducted to 
demonstrate the consistency of evidence (data not shown). 
We further summarized the immunogenicity and reactogeni-
city in plain language in Table 3.

4. Discussion

Our systematic review showed robust immunogenicity of het-
erologous vaccination with ChAd prime followed by BNT 
boost. The anti-spike protein and neutralizing antibody titers 
of ChAd/BNT were noninferior to homologous BNT/BNT vacci-
nation; higher T cellular immunity was observed in the hetero-
logous ChAd/BNT vaccination. Compared with single-dose 
ChAd and homologous ChAd/ChAd vaccination, heterologous 
ChAd/BNT had significantly higher immunogenicity. 
Heterologous vaccination with BNT prime followed by ChAd 
boost (BNT/ChAd) showed weaker immunogenicity than 
homologous BNT/BNT vaccination. Reactogenicity was com-
mon in all combinations and tolerable. The promising immu-
nogenicity elicited by heterologous ChAd/BNT vaccination 

provides evidence for the feasibility of this additional vaccine 
strategy.

Heterologous vaccination has been applied in previous 
studies. Using a recombinant adenovirus 26 and 5 vector- 
based heterologous prime–boost COVID-19 vaccine, Sputnik 
V showed 91.6% efficacy in a phase 3 trial [23]. Combined 
spike/RBD immunizations in mice and macaques elicited 
potent immunogenicity [26]. Further animal studies with vac-
cines developed using different platforms (adenovirus vectors 
and mRNA vaccines) showed robust immunogenicity and indi-
cated a potential role for heterologous administration [25]. 
Ostadgavahi et al. applied heterologous vaccinations with 
ChAd/BNT to 2 subjects and observed robust humoral 
immune responses in anti-spike, RBD, and neutralizing anti-
bodies [24]. Our systematic review also demonstrated the 
promising efficacy of heterologous vaccination.

The immunologic benefits of heterologous vaccination 
were observed in our study, but the underlying mechanisms 
remain largely unclear. Studies investigating the complicated 
immune responses of COVID-19 infection and vaccine immu-
nogenicity are imperative. A plentiful and complex cytokine 
cascade is observed in patients with COVID-19, and immune- 
mediated responses play a critical role in the pathophysiology 
of COVID-19 [31]. Also, significant changes in cytokine expres-
sion are reported after vaccination, and vaccine-evoked pro-
tection involves both humoral and cellular immunity [32,33]. 

Figure 1. Flowchart of literature search and enrolled studies.
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Neutralizing antibodies are believed to be crucial in protection 
against COVID-19, and neutralizing levels correlate with 

clinical protection [34]. However, nonneutralizing antibodies 
also exhibit important effects via Fc (fragment crystallizable)- 
mediated effector functions, including antibody-dependent 
phagocytosis, cellular cytotoxicity and natural killer cell activa-
tion [33]. A robust cytotoxic CD8 + T cell response and a TH1 
cell-biased CD4 + T cell effector response correlates with 
clinical protection, and innate immunity is also involved in 
immunity against COVID-19 [33]. Another hint is that good 
effectiveness after the first dose of vaccine is noted, but the 
neutralizing antibody level does not increase sharply. This 
observation indicates that other immunologic mechanisms 
are responsible for the protection after the first dose. 
Currently available vaccines are effective against COVID-19, 
but their underlying immune mechanisms seem to be differ-
ent. For messenger RNA (mRNA) vaccines, extremely high 
neutralizing and binding antibody titers are elicited after 

Table 2. Comparison of different prime/boost combinations in included studies.

Comparison Study RBD Ab Spike protein Ab Neutralizing Ab
T cell response and 

others Conclusion

ChAd/BNT 
vs ChAd

CombiVacS Higher anti-RBD 
Ab titers  
(71.46→7756.68 
BAU/ml); 
ChAd/BNT: 
ChAd 
ratio = 77.69.

Higher anti-Spike protein Ab 
titers (98.4→3684.87 BAU/ 
ml); 
ChAd/BNT: ChAd 
ratio = 36.41.

ChAd: 41.81; 
ChAd/BNT: 1905.69; 
ChAd/BNT: ChAd 
ratio = 45.58.

Higher T-cell response 
(INF – γ, ChAd: 
122.67 pg/ml, ChAd/ 
BNT: 521.22 pg/ml) 
Ratio = 4.25

ChAd/BNT> ChAd 
(Antibody ratio: 
36.41–77.69)

David Higher anti-RBD 
IgG in ChAd/ 
BNT group (2.84 
vs 1.28 S/Co)

Higher anti-SARS-CoV-2-S1 
IgG in ChAd/BNT group 
(2.08 vs 0.52 S/Co) and 
higher reactive rates (100% 
vs 28.07%)

Higher reactive neutralizing Ab 
in ChAd/BNT group (100% vs 
84.21%)

Higher T-cell response 
(INF – γ, ChAd: 1.2 AU, 
ChAd/BNT: 2.25 AU) 
Ratio = 1.88

ChAd/BNT> ChAd

Rüdiger 
Groß

Median IgG titers increased 
135-fold (63.9 U/ 
mL→8815 U/mL) 
GMR: 138

Neutralizing correlated with 
Spike protein IgG titers. 
Median ACE2 neutralization 
increased after BNT booster 
(62%–>98%).

Variants of concern 
B.1.1.7, B.1.351 and 
B.1.617 are potently 
neutralized by sera of 
ChAd/BNT.

ChAd/BNT> ChAd 
(Antibody titer 
ratio: 138)

ChAd/BNT 
vs 
ChAd/ 
ChAd

Com-COV ChAd/ChAd: 1392 ELU/ml 
ChAd/BNT: 12,906 ELU/ml 
GMR: 9.2

Pseudotype virus neutralizing 
Ab, NT50 

ChAd/ChAd: 61 
ChAd/BNT: 515 
GMR: 8.5

Cellular responses (SFC/ 
106) 
ChAd/BNT: 185 
ChAd/ChAd: 50 
GMR: 3.8

ChAd/BNT> ChAd/ 
ChAd 
(Antibody titer 
ratio: 9.2)

ChAd/BNT 
vs BNT/ 
BNT

Com-COV ChAd/BNT:12906 ELU/ml 
BNT/BNT:14080 ELU/ml 
GMR: 0.92

Pseudotype virus neutralizing 
Ab, NT50 

ChAd/BNT: 515 
BNT/BNT: 574 
GMR: 0.9

Cellular responses (SFC/ 
106) 
ChAd/BNT: 185 
BNT/BNT: 80 
GMR: 2.31

ChAd/BNT ≥ BNT/ 
BNT 
(comparable 
antibody titers 
and higher T 
cellular 
responses in 
ChAd/BNT)

David ChAd/BNT: 100%, 5.37 S/Co 
BNT/BNT: 99.01%, 4.52 S/Co

ChAd/BNT: 100% 
BNT/BNT: 99.01%

Higher T cell activity in 
ChAd/BNT group (2.25 
vs 1.67 AU) 
Ratio: 1.35

ChAd/BNT ≥ BNT/ 
BNT 
(comparable 
antibody titers 
and higher T 
cellular 
responses in 
ChAd/BNT)

BNT/ChAd 
vs BNT/ 
BNT

Com-COV BNT/ChAd: 7133 ELU/ml 
BNT/BNT: 14,080 ELU/ml 
GMR: 0.51

Pseudotype virus neutralizing 
Ab, NT50 

BNT/ChAd: 383 
BNT/BNT: 574 
GMR: 0.67

Cellular responses (SFC/ 
106) 
BNT/ChAd: 99 
BNT/BNT: 80 
GMR: 1.24

BNT/ChAd < BNT/ 
BNT 
(Antibody titer 
ratio: 0.51)

Abbreviations: Ab, antibody; Ab, antibody; BNT, BNT162b2 COVID-19 vaccine; BNT/BNT: homologous vaccination with BNT as both prime and booster; BNT/ChAd: 
prime with BNT followed by a ChAdOx1 booster; ChAd, ChAdOx1 COVID-19 vaccine; ChAd/BNT: prime with ChAd followed by a BNT booster; ChAd/ChAd: 
homologous vaccination with ChAd as both prime and booster; GMR, geometric mean titer ratio; IgG: immunoglobulin G; INF – γ, interferon – γ; NT50: half- 
maximal neutralizing titer; RBD, receptor binding domain. 

Figure 2. Forest plot of the incidence of fever after different COVID-19 
vaccination.
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vaccination, but the CD8 + T cell responses are relatively low 
[33,35].

In contrast, adenovirus-vectored vaccines elicit lower neu-
tralizing and binding antibody levels but produce polyclonal 
antibodies after vaccination [36]. Protective immunity may be 
achieved by mediating other antibody-dependent effector 
mechanisms, including antibody-dependent complement 
deposition and monocyte-mediated and neutrophil-mediated 
phagocytosis [33]. Furthermore, potent T cell responses with 
the production of TNF and IFNγ from CD4 + T cells peaked at 
14 days after a single dose of ChAd vaccine. These observa-
tions indicate that vaccines produced using different platforms 
elicit vaccine protection through different pathways. Thus, 
heterologous vaccination may elicit the immunological bene-
fits of both platforms; similar to what occurs in infected peo-
ple who receive a vaccination after recovery. Postinfection 
serum-neutralizing capacity is elevated approximately 1000- 
fold in convalescent individuals who receive mRNA vaccines, 
and the interaction of natural immunity and vaccine- 
generated immunity elicits more robust protection [37,38]. 
The concept of ‘hybrid vigor immunity’ is derived from plants 
[39]. When different plant lines breed together, the hybrid line 
produces a stronger plant. The benefits of heterologous vac-
cination may be attributed to similar interactions between 
different immune-mediated pathways, and our review pro-
vides more clinical evidence of these benefits.

Some other plausible mechanisms may contribute together 
to the observed immunological benefits of heterologous vac-
cination. First, differences in innate immunity after prime and 
booster vaccination and the potential role of trained innate 
cells may partially explain this phenomenon [40]. When we 
administered a prime vaccine, primary innate cells (dendritic 
cells, monocytes, and granulocytes) will activate antigen- 
specific naïve B and T cells. When the booster is administered, 
the free innate cells and trained innate cells will trigger differ-
ent humoral immune responses and enhance antibody pro-
duction. However, preexisting trained innate cells and 
antibodies to the same vaccine and adjuvant tend to impair 

antigen presentation in individuals who receive homologous 
boosters. The generation of appropriate inflammatory signals 
for T cells and homologous vaccination appears to be rela-
tively less efficient at enhancing cellular immunity.

On the other hand, when an unrelated heterologous vac-
cine is administered, trained innate cells, hematopoietic stem 
and progenitor cells, and resident memory T cells may pro-
duce subsequent robust responses of naïve cells via epige-
netic reprogramming. A second explanation may be the 
circumvention of vector immunity. ChAd priming elicits excel-
lent T cellular responses; however, improved immunity after 
booster administration with a longer interval between homo-
logous ChAd vaccinations has been reported. Evoked immu-
nity against adenovirus vectors after priming is believed to be 
responsible for this phenomenon. A heterologous booster 
with an adenovirus vector-free vaccine may evade the inter-
ference of adenovirus vector immunity. Finally, the spike pro-
tein of SARS-CoV-2 is immunogenic, and the spike 
confirmation of BNT is different from that of ChAd. The BNT- 
specific two-proline mutation of the spike protein may further 
elicit stronger neutralizing responses [7,41]. However, the 
underlying mechanisms are under exploration. Based on our 
systematic review, the order of prime boost also matters, and 
heterologous vaccination with BNT/ChAd shows weaker 
immunogenicity than homologous BNT/BNT vaccination. 
Further studies are required to clarify the underlying mechan-
isms and harness the optimal vaccines, order, interval, and 
number of vaccinations.

The interval between prime and boost may affect the 
efficacy of COVID-19 vaccines. Homologous ChAd/ChAd vacci-
nation showed higher efficacy in participants with prime– 
boost intervals of 12 weeks or more (12 weeks: 81.3%, less 
than 6 weeks: 55.1%) [42]. A recent study found higher anti-
body titers in participants with longer prime–boost intervals 
(median antibody titers for 8–12, 15–25, and 44–46 weeks 
were 923, 1860, and 3738 EU, respectively) [43]. The intervals 
of the included studies varied from 4 to 12 weeks, and the 
efficacy might be affected by the interval. Compared with the 
CombivacS trial, a shorter interval of the subsequent booster 
was found in the study of Rüdiger Groß (8 weeks vs. 8– 
12 weeks). A more significant increase in the antibody titer 
ratio was reported in a study with a shorter interval (antibody 
titer ratio, 138 vs. 36.41–77.69, Table 2). The conflicting data 
may result from differences in mean participant age (30.5 vs. 
43.98 years, Table 1). The complex immunologic responses 
were affected by many confounding factors. However, the 
benefits of ChAd/BNT were consistent across studies; thus, 
heterologous ChAd/BNT administration is a feasible and effi-
cacious strategy.

Furthermore, a third dose might be beneficial in evoking 
stronger and longer immunity [43]. Moreover, both mRNA- 
1273 (Moderna) and BNT were developed using the same 
platform, and a recent study showed a similar booster benefit 
with mRNA-1273 after ChAd priming [44]. At present, we do 
not know whether the immunogenicity and reactogenicity are 
the same when using the adenovirus-vectored Janssen COVID- 
19 vaccine as the prime vaccine. Additionally, there are 

Table 3. Summary of immunogenicity and reactogenicity of different vaccine 
combinations using star rating.

Vaccine ChAd
ChAd/ 
ChAd BNT BNT/BNT ChAd/BNT

BNT/ 
ChAd

Immunogenicity
Neutralizing Ab ★ ★★★ ★ ★★★★★ ★★★★★ ★★★★
Binding Ab ★ ★★★ ★ ★★★★★ ★★★★★ ★★★★
T cell responses ★★★ ★★★ ★ ★★★ ★★★★★ ★★★★
Immunogenicity 

against delta 
variant#

★ ★★★ ★ ★★★ ★★★★ ?

Reactogenicity ★★★ ★ ★ ★★ ★★ ★★
*Abbreviations: Ab, antibody; Ab, antibody; BNT, BNT162b2 COVID-19 vaccine; 

BNT/BNT: homologous vaccination with BNT as both prime and booster; BNT/ 
ChAd: prime with BNT followed by a ChAdOx1 booster; ChAd, ChAdOx1 
COVID-19 vaccine; ChAd/BNT: prime with ChAd followed by a BNT booster; 
ChAd/ChAd: homologous vaccination with ChAd as both prime and booster. 

**Star rating: 1 star denotes least effective; 5 stars denotes most effective. 
#Effectiveness is estimated by present evidences and may change after more 

available studies. 
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outstanding COVID-19 vaccines produced with other plat-
forms, such as protein subunits [6,45]. The effects of hetero-
logous combinations involving protein subunit vaccines 
require further investigation.

Our review demonstrated excellent immunogenicity in parti-
cipants with heterologous immunizations. However, there 
remain concerns regarding real-world effectiveness. 
Immunobridging correlating immunogenic efficacy with clinical 
effectiveness is an important issue. Khoury et al. found that 
neutralizing antibody levels were highly predictive of protection 
from symptomatic SARS-CoV-2 infection [34]. Although further 
studies are required to establish the correlation and conversion 
of immunogenic efficacy and clinical effectiveness, strong immu-
nogenicity induced by heterologous vaccination provides evi-
dence of a feasible vaccination strategy.

Furthermore, although there was some consistency between 
different measurement methods, the diagnostic protocols, mea-
surements, and laboratory equipment used varied in different 
labs and trials. It might be less accurate to compare the immu-
nogenicity of different studies directly [9]. Therefore, we did not 
conduct a meta-analysis to compare the immunogenicity of 
different vaccine combinations. Apparent differences in antibody 
titers in individual trials were observed; thus, the benefits of 
heterologous ChAd/BNT were accentuated (Table 2). We used a 
network meta-analysis to investigate the incidence of objective 
fever and found an increased likelihood of fever in participants 
who received heterologous boosters. However, there were no 
vaccine-related serious adverse events in the enrolled trials, and 
the adverse events associated with heterologous vaccination 
were tolerable. The benefits of heterologous vaccination out-
weigh the risks, and heterologous vaccination is a feasible and 
reasonable strategy.

The emergence of variants of concern has received global 
attention and might interfere with vaccination protection 
[13,32,46,47]. Heterologous vaccination might provide an 
opportunity for better protection against variants [41]. 
Rüdiger Groß et al. showed potent neutralization of B.1.1.7, 
B1.351, and B.1.617 by sera of all participants with heterolo-
gous ChAd/BNT immunization [29]. A recent study investi-
gated the effects of heterologous ChAd/BNT vaccination on 
the B.1.1.7, B.1.351, and P.1 variants of concern [48]. Compared 
with homologous ChAd/ChAd vaccination, heterologous vac-
cination generated significantly higher frequencies of spike- 
specific CD4+ and CD8 + T cells and high titers of neutralizing 
antibodies against variants. Furthermore, prolonged intervals 
between homologous ChAd/ChAd vaccinations might lead to 
better efficacy against variants [42]. A complete 2-dose vacci-
nation offers better immunity against the delta variant [46]. 
These strategies may enhance vaccine-generated protection 
to combat emerging COVID-19 variants.

Our study was subject to some limitations. First, the com-
bination and prime/boost interval of enrolled patients varied 
in individual studies. The median ages of the participants and 
measurements of immunogenicity were also different. 
Therefore, direct comparisons were unavailable for some com-
binations. Second, several ongoing trials are investigating this 

crucial issue, including NCT04993560, NCT04988048, 
NCT04983537, NCT04962906, NCT04927936, NCT04907331, 
NCT04889209, NCT04776317, etc., and their outcomes will 
contribute to a better understanding of heterologous vaccina-
tion. Finally, there are concerns regarding the correlation 
between laboratory efficacy and real-world effectiveness. All 
current vaccines on the market are effective against hospitali-
zation, severe complications, and mortality due to COVID-19. 
In areas with fluctuating vaccine supply, the best vaccine is 
the one that is available.

5. Conclusion

In conclusion, our systematic review showed comparable 
immunogenicity of heterologous ChAd/BNT vaccination and 
homologous BNT/BNT vaccination. Furthermore, ChAd/BNT 
elicited the strongest T cellular responses and was effective 
against variants of concern (B.1.1.7, B.1.351, and B.1.617). 
Although adverse events were more common in heterologous 
vaccinations, they were tolerable, and there were no serious 
adverse events. Heterologous vaccination with ChAd/BNT is a 
reasonable and feasible strategy to combat COVID-19.
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