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Abstract
Background:Data on the immunogenicity and safety of heterologous immunization schedules are inconsistent. This study aimed to
evaluate the immunogenicity and safety of homologous and heterologous immunization schedules.
Methods:Multiple databases with relevant studies were searched with an end date of October 31, 2021, and a website including a
series of Coronavirus disease 2019 studies was examined for studies before March 31, 2022. Randomized controlled trials (RCTs)
that compared different heterologous and homologous regimens among adults that reported immunogenicity and safety outcomes
were reviewed. Primary outcomes included neutralizing antibodies against the original strain and serious adverse events (SAEs). A
network meta-analysis (NMA) was conducted using a random-effects model.
Results: In all, 11 RCTswere included in the systematic review, and nine were ultimately included in theNMA.Among participants
who received two doses of CoronaVac, another dose of mRNA or a non-replicating viral vector vaccine resulted in a significantly
higher level of neutralizing antibody than a third CoronaVac 600 sino unit (SU); a dose of BNT162b2 induced the highest
geometric mean ratio (GMR) of 15.24, 95% confidence interval [CI]: 9.53–24.39. Following one dose of BNT162b2 vaccination, a
dose of mRNA-1273 generated a significantly higher level of neutralizing antibody than BNT162b2 alone (GMR= 1.32; 95%CI:
1.06–1.64), NVX-CoV2373 (GMR= 1.60; 95%CI: 1.16–2.21), or ChAdOx1 (GMR= 1.80; 95%CI: 1.25–2.59). Following one
dose of ChAdOx1, a dose of mRNA-1273 was also more effective for improving antibody levels than ChAdOx1 (GMR= 11.09;
95% CI: 8.36–14.71) or NVX-CoV2373 (GMR= 2.87; 95% CI: 1.08–3.91). No significant difference in the risk for SAEs was
found in any comparisons.
Conclusions: Relative to vaccination with two doses of CoronaVac, a dose of BNT162b2 as a booster substantially enhances
immunogenicity reactions and has a relatively acceptable risk for SAEs relative to other vaccines. For primary vaccination,
schedules including mRNA vaccines induce a greater immune response. However, the comparatively higher risk for local and
systemic adverse events introduced by mRNA vaccines should be noted.
Registration: PROSPERO; https://www.crd.york.ac.uk/PROSPERO/; No. CRD42021278149.
Keywords: COVID-19; 2019-nCoV vaccine mRNA-1273; BNT162 vaccine; Vaccination; Immunization schedule; Antibodies,
Neutralizing; Heterologous; Immunogenicity; Network meta-analysis
Introduction

As of April 18, 2022, more than 504 million people
worldwide have been infected with severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), the virus
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responsible for Coronavirus disease 2019 (COVID-19),
leading to more than 6.1 million deaths.[1] Cases continue
to surge as the reach of the Delta and Omicron variants
becomes increasingly global.[2,3] Safe and effective
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vaccines are critical to preventing infection and to slowing
the transmission of COVID-19. The most widely used
vaccines are of the mRNA, viral vector, and inactivated
types.[4] As a result of waning immunity after priming
doses of vaccines and some evidence of reduced effective-
ness, policymakers are considering offering booster
doses.[5-7]

Manufacturing issues, shortages of raw materials, and
new waves of infection have led to supply chain
disruptions and inequity in vaccine distribution across
regions.[8-10] In addition, age restrictions for the ChA-
dOx1 n-CoV-19 vaccine (ChAd; AstraZeneca, NY, USA)
following the emergence of vaccine-induced thrombocy-
topenia and recent pauses in immunization of young
people with mRNA vaccines due to concerns over
myocarditis have caused changes in vaccine deployment
policy and have disrupted roll-out plans.[11,12]

Heterologous prime-boost schedules have been proposed
to enhance deployment flexibility and improve access to
vaccines globally.[13] According to the interim guidance of
the World Health Organization (WHO), heterologous
COVID-19 vaccine schedules, combining multiple vaccine
platforms (eg, a vectored vaccine followed by an mRNA
vaccine) and combining different products from the same
vaccine platform (eg, BNT162b2 followed by mRNA-
1273), apply to all COVID-19 vaccines that have received
aWHO emergency use listing (EUL).[14-18] However, data
on the immunogenicity of heterologous schedules are
inconsistent.[19,20] Although several reports have sug-
gested more short-term reactogenicity for heterologous
prime-boost schedules,[15,21] not all studies have sup-
ported this distinction.[22] Meta-analyses have largely
been pairwise meta-analyses that compare two schedules
that are unable to provide evidence on comparative
immunogenicity and safety betweenmultiple heterologous
schedules.[23,24] Network meta-analysis (NMA) can
synthesize data using indirect comparisons to provide
potentially more comprehensive evidence.

Thus, we conducted a systematic review and NMA of
randomized controlled trials (RCTs) to evaluate the
immunogenicity and safety of homologous and heterolo-
gous immunization schedules.
Methods

We performed a systematic review and NMA according
to Preferred Reporting Items of Systematic Review
and Meta-analysis.[25] The protocol of this study
was registered with PROSPERO (registration No:
CRD42021278149).
Search strategy and study selection

We systematically searched six databases, namely,
PubMed, Embase, Scopus, Web of Science, Cochrane
Library, and the China National Knowledge Infrastruc-
ture. We used “COVID-19”, “SARS-2”, “vaccine”, and
other relevant words and phrases as search terms
[Supplementary Table 1, http://links.lww.com/CM9/
B407]. The systematic search was carried out on October
25
31, 2021. After this, we monitored covid-nma.com[26] for
the publication of new studies until March 31, 2022.

Records identified from electronic databases were inde-
pendently screened by two groups of investigators (XYT
and YMT; WWW and YJM). Divergences were resolved
by discussion or consultation with a senior investigator
(FS). The studies were divided according to the following
criteria: (1) RCTs, (2) studies focusing on adults (≥18
years), (3) studies comparing heterologous vaccination
regimens to each other or comparing heterologous
regimens to homologous regimens, (4) those reporting
immunogenicity outcomes and safety outcomes, and (5)
both peer-reviewed articles and preprints. All of these
were considered for inclusion. Reviews, letters, post hoc
analyses, and conference abstracts were excluded.
Data extraction and quality assessment

The extracted data included basic information on the
studies (publication year, first author, study region, and
study phase), participant characteristics (percentage of
males and mean age), immunization schedules, and
outcome measurements. We were interested in immuno-
genicity and safety. The primary outcomes included the
level of neutralizing antibodies against the original strain
and serious adverse events (SAEs) following the injection
of the last dose. Secondary immunogenicity outcomes
included the levels of receptor-binding domain (RBD)
antibody, trimetric spike protein (S-protein) antibody, and
interferon-g. We also extracted measurements of neutral-
izing antibodies against Delta variant strains where
available, as effectiveness against variant strains is crucial
for a rapidly mutating virus.[27] All of the immunogenicity
outcomes weremeasured between 14 and 28 days after the
last dose, and the data from the latest time point in the
observation window was used to conduct quantitative
analysis. To identify secondary safety outcomes, we
extracted both systemic and local adverse events (AEs).
The numbers of AEs within the first 7 days after the last
dose and the sample size of observations were extracted.
We only conductedNMAon themost commonly reported
AEs. Data from graphics in papers were extracted using
GetData Graph Digitizer version 2.25.0.32 (GetData,
Sydney, NSW, Australia). The data extraction for each
article was performed by two investigators (PL and
WWW) independently and cross-checked by a third (YJL);
inconsistencies were resolved by the third investigator by
going through the text again.

The risk of bias within individual studies was assessed
using the Cochrane Risk of Bias tool (RoB 2.0),[28] which
evaluates RCTs from six aspects, including the randomi-
zation process, deviation from intended interventions,
missing outcome data, measurement of the outcome,
selection of reported results, and overall bias. The quality
assessment was carried out by two reviewers (PL and
WWW) independently, and discrepancies were solved by
discussion or consultation with a senior investigator (FS).
The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) process was used to rate
the quality of evidence for any significant result regarding
primary outcomes in the NMA.[29]
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Statistical analysis

Immunogenicity outcomes were measured on a geometric
scale and were transformed into a base-10 logarithmic
scale. Missing means and standard deviations were
estimated from the sample size, median, and interquartile
range.[30] NMA was performed using the frequentist
method. We calculated the mean difference and 95%
confidence interval (CI) of log-scaled geometric mean titers
(GMTs) and then exponentiated it to obtain the geometric
mean ratio (GMR) and its 95%CI. Relative risks and 95%
CIs were calculated to compare the AEs of different
vaccine regimens. Heterogeneity among studies and global
inconsistencies were assessed using a generalized Q test. A
random-effects model was used to estimate the effect size.
The probability of being at each possible ranking was
estimated for all vaccines. The hierarchy of treatments
was reported as the surface under the cumulative ranking
curve and was summarized using a rank heat plot.[31]

Significance was set to P< 0.05, two-tailed. The statistical
analyses were conducted using R 4.1.1, and NMA was
performed with the netmeta package.
Results

Characteristics of included studies

We identified 17,308 records from databases and retrieved
63 more by screening the reference lists of reviews. Four
studies were obtained from covid-nma.com. After screen-
ing the title, abstract, and full text, 11 studies were
included in our systematic review, nine of which were used
for NMA [Supplementary Figure 1, http://links.lww.com/
CM9/B407]. Among the included studies, only two
showed a low risk of bias, and the remaining nine were
of some concern. Detailed information on the quality
assessment of each domain is listed in [Supplementary
Table 2, http://links.lww.com/CM9/B407]. Most of these
studies were multi-centered (n= 8). They were conducted
among adults in Europe (n= 6), Asia (n= 4), and South
America (n= 1). The vaccination regimens involved
combinations of CoronaVac (Sinovac, Beijing, China),
ChAdOx1, BNT162b2 (Pfizer, NY, USA), Ad26.COV2.S
(Janssen, New Brunswick, USA), mRNA-1273 (Moderna,
Cambridge, USA), NVX-CoV2373 (Novavax, Gaithers-
burg, USA), Convidecia (CanSinoBio, Tianjin, China),
and VLA2001 (Valneva, Saint Herblain, France). Detailed
information on the included studies is given in [Table 1].
Comparison of the studies produced two separate
evidence networks, one of which was constructed with
schedules initiated with one or two doses of CoronaVac
and the other of which was constructed with schedules
initiated with one dose of BNT162b2, ChAdOx1, or
mRNA-1273.
Schedules initiated with CoronaVac

Five studies were included in this network, comparing
eight booster vaccination regimens and two primary
vaccination regimens. In all, 2132 participants were
recruited in these studies, of which 43.7% were males,
with a mean age of 53.5 years.
26
Only three studies reported the GMT of the neutralizing
antibody against the original strain, incorporating seven
regimens [Figure 1A]. Among participants who had
received two doses of CoronaVac, another dose of mRNA
or non-replicating viral vector vaccines resulted in a
significantly higher level of neutralizing antibody. A
following dose of BNT162b2 induced the highest GMR of
15.24 (95% CI: 9.53–24.39). Three-dose heterologous
schedules induced a significantly higher level of neutraliz-
ing antibody against the original strain than two-dose
schedules [Figure 1B].

Four studies reported the GMT of the RBD antibody.
Heterologous schedules significantly enhanced the RBD
antibody response, compared to homologous schedules
[Supplementary Figure 2, http://links.lww.com/CM9/
B407]. The measurement of S-protein antibody was only
reported by one study, indicating that after two doses of
CoronaVac, an additional dose of BNT162b2 caused the
highest S-protein antibody level, compared to ChAdOx1,
Ad26.COV2.S, and CoronaVac.

Three studies reported the GMTof neutralizing antibodies
against the Delta strain. Heterologous schedules were
more sufficient for increasing the level of neutralizing
antibody against the Delta strain [Supplementary Figure 2,
http://links.lww.com/CM9/B407]. Only one study
reported a T-cell response after boosting, and it suggested
that for participants who received two doses of Corona-
Vac, another dose of ChAdOx1 effectively stimulated
cellular immune response. Detailed data on immunoge-
nicity outcomes of individual studies are given in
Supplementary Table 2, http://links.lww.com/CM9/B407.

Another dose of BNT162b2 30 mg following two doses of
CoronaVac took first place in the ranking of the three
outcomes of interest, while two-dose schedules and the
homologous three-dose schedules did not rank highly
[Figure 2].

Data from SAEs were extracted from all five studies and
for all ten schedules [Figure 1C]. In all, three SAEs were
reported for two doses of CoronaVac + Ad26.COV2.S
5� 1010 viral particles, three for two doses of CoronaVac
+ BNT162b2 30 mg, and two for two doses of CoronaVac
+ ChAdOx1 5� 1010 viral particles. No SAEs were
reported for the other regimens. The result of NMA
showed that no statistically significant differences were
found in any comparison [Figure 1B].

Three local AEs and five systemic AEs that were reported
frequently were assessed, namely, pain at the injection site,
erythema, swelling, headache, fever, fatigue, myalgia, and
arthralgia. The number of people with each AE is
presented in Supplementary 3, http://links.lww.com/
CM9/B409. Heterologous schedules were generally relat-
ed to a higher risk for local AEs. However, a third dose of
ChAdOx1 2.5� 1010 viral particles after two doses of
CoronaVac was not significantly related to a higher risk
for any of the local AEs of interest [Supplementary
Figure 3, http://links.lww.com/CM9/B407]. For systemic
AEs, nearly all of the heterologous schedules were
associated with a higher risk for fatigue. Three-dose
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Figure 1: Results from NMA of primary outcomes of immunization schedules initiated with CoronaVac. (A) Evidence network of neutralizing antibody against an original strain. (B)
Evidence network of SAEs. The figure in each cell in the upper area refers to the OR of the schedule in the row against the schedule in the column, and the figure in each cell in the lower
area refers to the OR of the schedule in the column against the schedule in the row. If no relevant information on SAEs or neutralizing antibody is reported in a comparison, then a dot will be
used to fill the cell in the corresponding position. (C) GMR and 95% CI of comparisons (the results for SAEs are presented in the lower area, and the results for neutralizing antibodies are
presented in the upper area). 1 Coro + Convi 5: one dose of CoronaVac followed by Convidecia 5� 1010 viral particles; 1 Coro + Coro 600: one dose of CoronaVac followed by CoronaVac
600 SU; 2 Coro + Ad26 5: two doses of CoronaVac followed by Ad26.COV2.S 5� 1010 viral particles; 2 Coro + BNT 15: two doses of CoronaVac followed by BNT162b2 15 mg; 2 Coro +
BNT 30: two doses of CoronaVac followed by BNT162b2 30 mg; 2 Coro + BNTintra 1/5: two doses of CoronaVac followed by BNT162b2 injected intradermally with 1/5 dose (6 mg); 2 Coro
+ ChAd 2.5: two doses of CoronaVac followed by ChAdOx1 2.5� 1010 viral particles; 2 Coro + ChAd 5: two doses of CoronaVac followed by ChAdOx1 5� 1010 viral particles; 2 Coro +
Convi 5: two doses of CoronaVac followed by Convidecia 5 mg; 2 Coro + Coro 600: two doses of CoronaVac followed by CoronaVac 600 SU. CI: Confidence interval; GMR: Geometric mean
ratio; NMA: Network meta-analysis; SAEs: Serious adverse events; SU: Sino unit.
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schedules did not significantly increase the risk for
systemic AEs relative to two-dose schedules, whether
homologous or heterologous [Supplementary Figure 4,
http://links.lww.com/CM9/B407]. Three doses of Coro-
naVac took first place in the ranking for most safety
outcomes; meanwhile, administration of the third dose of
BNT162b2 30 mg and the third dose of ChAdOx1
2.5� 1010 viral particles following two doses of Coro-
naVac also showed a fair performance [Supplementary
Figure 5, http://links.lww.com/CM9/B407].

We did not detect significant between-study heterogeneity
or between-design inconsistency (P > 0.05) for neutraliz-
ing antibodies against the original strain and safety
outcomes. We addressed moderate confidence in three
comparisons (two doses of CoronaVac followed by Ad26.
28
COV2.S 5 �1010 viral particles vs. two doses of
CoronaVac followed by CoronaVac 600 SU; two doses
of CoronaVac followed by BNT162b2 30 mg vs. two
doses of CoronaVac followed by CoronaVac 600 SU; two
doses of CoronaVac followed by ChAdOx1 5�1010 viral
particles vs. two doses of CoronaVac followed by
CoronaVac 600 SU) according to the GRADE. All other
comparisons were considered to have low or very low
confidence [Supplementary Table 3, http://links.lww.com/
CM9/B407].

Schedules initiated with mRNA or non-replicating viral
vector vaccines

Four studies were included in this network, comparing 11
schedules [Figure 3A]. All of the schedules included in this
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Figure 2: Ranking heat plot of schedules initiated with CoronaVac for immunogenicity
outcomes: a larger figure in a given sector means a higher probability of greater immune
response in that sector. Each sector is colored according to the SUCRA value of the
corresponding treatment from red (0%) to blue (100%). 1 Coro + Convi 5: one dose of
CoronaVac followed by Convidecia 5� 1010 viral particles; 1 Coro + Coro 600: one dose of
CoronaVac followed by CoronaVac 600 SU; 2 Coro + Ad26 5: two doses of CoronaVac
followed by Ad26.COV2.S 5� 1010 viral particles; 2 Coro + BNT 15: two doses of
CoronaVac followed by BNT162b2 15 mg; 2 Coro + BNT 30: two doses of CoronaVac
followed by BNT162b2 30 mg; 2 Coro + BNTintra 1/5: two doses of CoronaVac followed by
BNT162b2 injected intradermally with 1/5 dose (6 mg); 2 Coro + ChAd 2.5: two doses of
CoronaVac followed by ChAdOx1 2.5� 1010 viral particles; 2 Coro + ChAd 5: two doses of
CoronaVac followed by ChAdOx1 5� 1010 viral particles; 2 Coro + Convi 5: two doses of
CoronaVac followed by Convidecia 5 mg; 2 Coro + Coro 600: two doses of CoronaVac
followed by CoronaVac 600 SU. SUCRA: Surface under the cumulative ranking curve; SU:
Sino unit.
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network were primary vaccination regimens consisting of
two doses of vaccines. The participants in this network
received one dose of BNT162b2, ChAdOx1, or
mRNA1273. In total, 2573 participants were enrolled
in the studies, and 53.6% of them were males. The mean
age was 53.5 years.

All four studies reported neutralizing antibodies against
the original strain. After one dose of BNT162b2
vaccination, another dose of mRNA-1273 induced a
significantly higher level of neutralizing antibody than
BNT162b2 (GMR= 1.32; 95% CI: 1.06–1.64), NVX-
CoV2373 (GMR= 1.60; 95% CI: 1.16–2.21), and
ChAdOx1 (GMR= 1.80; 95% CI: 1.25–2.59). For
participants who received one dose of ChAdOx1, one
dose of mRNA-1273 was more effective for improving
antibody levels, than the second dose of ChAdOx1
(GMR= 11.09; 95% CI: 8.36–14.71) or NVX-CoV2373
(GMR= 2.87; 95% CI: 1.08–3.91) [Figure 3B].
29
Four studies reported S-protein antibodies, and their
results were similar to those in regard to neutralizing
antibodies against the original strain [Supplementary
Figure 5, http://links.lww.com/CM9/B407]. Three studies
reported information on T-cell response. Heterologous
schedules were suggested to be associated with a stronger
T-cell response than homologous schedules [Supplemen-
tary Figure 5, http://links.lww.com/CM9/B407]. A neu-
tralizing antibody against the Delta strain was reported in
two studies, indicating that another dose of mRNA-1273
after one dose of ChAdOx or BNT162b2 results in a
higher level of antibodies. Detailed data on the immuno-
genicity outcomes of the individual study are given in
[Supplementary 2, http://links.lww.com/CM9/B408].

For participants who received one dose of BNT162b2,
ChAdOx1, or mRNA-1273, another dose of mRNA-1273
performed well in the ranking of immunogenicity out-
comes [Figure 4].

We extracted SAEs from all four included studies, as
shown in [Figure 3C]. Four were reported for one dose of
ChAdOx1 + ChAdOx1 5� 1010 viral particles, three for
one dose of ChAdOx1 +mRNA-1273 100 mg, one for one
dose of ChAdOx1 + NVX-CoV2373 5 mg, two for one
dose of BNT162b2 + BNT162b2 30 mg, and three for one
dose of BNT162b2 + NVX-CoV2373 5 mg. The results of
NMA did not show any significant difference between
regimens [Figure 3B].

The same eight AEs were also assessed. The number of
people presenting with each AE is presented in [Supple-
mentary 3, http://links.lww.com/CM9/B409]. Another
dose of mRNA-1273 following one dose of ChAdOx1
was associated with a higher risk for local AEs than other
vaccines [Supplementary Figure 6, http://links.lww.com/
CM9/B407]. This was also related to a higher risk for
fatigue and myalgia [Supplementary Figure 7, http://links.
lww.com/CM9/B407]. Schedules that included mRNA-
1273 as the second dose had a lower rank in terms of
safety outcomes, while the second dose of NVX-CoV2373
and the homologous regimen of ChAdOx1 performed
well [Supplementary Figures 8, 9, http://links.lww.com/
CM9/B407].

No significant heterogeneity or inconsistency (P > 0.05)
was detected in networks for any immunogenicity or
safety outcomes, except for arthralgia (P= 0.037).
According to the GRADE, the results for all of the
comparisons had very low confidence [Supplementary
Table 4, http://links.lww.com/CM9/B407].
Discussion

Considering the significant international interest in
heterologous COVID-19 vaccine schedules, it is important
to assess emerging evidence on their immunogenicity and
reactogenicity. Our NMA with 11 trials and 7723
participants suggests that a heterologous vaccine schedule
with mRNA or non-replicating viral vector vaccines is
more highly immunogenic in individuals who have
previously received two doses of CoronaVac with
increased transient local and systemic reactogenicity.

http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B408
http://links.lww.com/CM9/B409
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://links.lww.com/CM9/B407
http://www.cmj.org


Figure 3: Results from NMA of primary outcomes of schedules initiated with mRNA or non-replicating viral vector. (A) Evidence network of the neutralizing antibody against an original
strain. (B) Evidence network of SAEs. The figure in each cell in the upper area refers to the OR of the schedule in the row against the schedule in the column, and the figure in each cell in the
lower area refers to the OR of the schedule in the column against the schedule in the row. If no relevant information on SAEs or neutralizing antibody is reported in a comparison, the a dot
will be used to fill the cell in the corresponding position. (C) GMR and 95% CI of comparisons (the results for SAEs are presented in the lower area, and the results for neutralizing antibodies
are presented in the upper area). 1 ChAd + NVX 5: one dose of ChAdOx1 followed by NVX-CoV2373 5mg; 1 mRNA-1273 + BNT 30: one dose of mRNA-1273 followed by BNT162b2 30mg;
1 mRNA-1273 +mRNA-1273 100: one dose of mRNA-1273 followed by mRNA-1273 100mg; 1 BNT + BNT 30: one dose of BNT162b2 followed by BNT162b1 30mg; 1 BNT + ChAd 5: one
dose of BNT162b2 followed by ChAdOx1 5� 1010 viral particles; 1 BNT + mRNA-1273 100: one dose of BNT162b2 followed by mRNA-1273 100 mg; 1 BNT + NVX 5: one dose of
BNT162b2 followed by NVX-CoV2373 5mg; 1 ChAd + BNT 30: one dose of ChAdOx1 followed by BNT162b2 30mg; 1 ChAd + ChAd 5: one dose of ChAdOx1 followed by ChAdOx1 5� 1010

viral particles; 1 ChAd + mRNA-1273 100: one dose of ChAdOx1 followed by mRNA-1273 100 mg; 1 ChAd + no: one dose of ChAdOx1 only. CI: Confidence interval; GMR: Geometric mean
ratio; NMA: Network meta-analysis; SAEs: Serious adverse events.
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Notably, the heterologous regimens also induce protection
against the Delta variant. For participants primed with
mRNA or non-replicating viral vector vaccines, the
subsequent receipt of mRNA-1273 provides a limited,
higher immunogenic effect than a homogeneous booster in
both humoral and cellular immune responses. However,
regimens that include mRNA-1273might increase the risk
for AEs.

A recent systematic review that evaluated the effectiveness
of heterologous and homologous COVID-19 vaccine
regimens found that a two-dose CoronaVac with one dose
of a BNT162b2 regimen was highly effective[41]; our
results are consistent with those results. One plausible
explanation is that the heterologous vaccine may induce a
significantly higher level of cross-binding and cross-
neutralizing antibody titers, as well as RBD-specific
30
memory B cells or S1-specific T cells than three doses of
inactivated vaccines.[42] If so, this would imply that a
heterologous vaccination regimen has advantages for
diversifying immune responses that could be considered a
promising vaccination roll-out strategy.[43] Although the
WHO recommended EUL vectored or mRNA vaccines for
subsequent doses as a heterologous booster following the
CoronaVac primary series, our study provides evidence
for prioritizing the use of mRNA vaccines.[44]

Heterologous schedules had greater immunogenic effects
than ChAd/ChAd, which is similar to the findings of three
previous meta-analyses.[19,23,24] A prospective cohort
study reported that SARS-CoV-2 pseudovirus neutraliza-
tion capacity against the alpha and beta variants shows
significantly increasedmedian infectious dose (ID50) titers
after heterologous ChAd/BNT vaccination compared to
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Figure 4: Ranking heat plot of schedules initiated with mRNA or non-replicating viral
vector for immunogenicity outcomes: a larger figure in a given sector means a higher
probability of a greater immune response in that sector. Each sector is colored according
to the SUCRA value of the corresponding treatment and outcome from red (0%) to blue
(100%). 1 ChAd + NVX 5: one dose of ChAdOx1 followed by NVX-CoV2373 5 mg; 1 mRNA-
1273 + BNT 30: one dose of mRNA-1273 followed by BNT162b2 30 mg; 1 mRNA-1273 +
mRNA-1273 100: one dose of mRNA-1273 followed by mRNA-1273 100mg; 1 BNT + BNT
30: one dose of BNT162b2 followed by BNT162b1 30 mg; 1 BNT + ChAd 5: one dose of
BNT162b2 followed by ChAdOx1 5� 1010 viral particles; 1 BNT + mRNA-1273 100: one
dose of BNT162b2 followed by mRNA-1273 100 mg; 1 BNT + NVX 5: one dose of
BNT162b2 followed by NVX-Cov2373 5 mg; 1 ChAd + BNT 30: one dose of ChAdOx1
followed by BNT162b2 30 mg; 1 ChAd + ChAd 5: one dose of ChAdOx1 followed by
ChAdOx1 5� 1010 viral particles; 1 ChAd + mRNA-1273 100: one dose of ChAdOx1
followed by mRNA-1273 100mg; 1 ChAd + no: one dose of ChAdOx1 only. SUCRA: Surface
under the cumulative ranking curve.
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homologous regimens.[22] Evidence also supports the use
of a heterologous ChAd/BNT or BNT/ChAd schedule to
induce a better T cell response than homologous BNT/
BNT vaccination.[22,23] Vector-based SARS-CoV-2 vac-
cines tend to induce higher CD8+ T cell responses than
BNT162b2.[34,45-47] However, in contrast to a previous
meta-analysis,[23] we did not observe a higher level of
neutralizing antibody for the heterologous ChAd/BNT
schedule than the BNT/BNT schedule. One possible
explanation is the difference in the detection methods of
neutralizing antibodies and the intervals of the second
dose between the RCTs we included, as well as the cohorts
that the previous meta-analysis focused on.[48-50] Regi-
mens including mRNA-1273 lead to a slightly higher risk
for local AEs and systemic AEs, as reported in a previous
observational study.[51] The dose of mRNA-1273 that has
been recommended to be half might account for the higher
reaction in the current analysis.[52] Notably, although
heterologous schedules, including those employing
31
mRNA-1273, also significantly enhance the immunoge-
nicity response compared to homologous regimens of
mRNA vaccine, the range of enhancement is not as great
as those of inactivated primer and non-replicating viral
vector primer.

Given that both humoral and cellular immune
responses were markedly improved by heterologous
schedules, we speculate that the heterologous mRNA
vaccine could provide superior protection, regardless of
initial vaccination.

Compared to previous relevant meta-analyses, a major
strength of our study is that it is substantially more
comprehensive having included multiple heterologous
COVID-19 vaccine schedules in networks and a large
number of RCTs. Furthermore, we provided rankings
for immunogenicity and the reactogenicity of different
heterologous schedules to support decision-making. In
addition, we assessed the quality of evidence and
incorporated it into an explanation of the results
according to the GRADE framework.

However, there are several limitations to mention. First,
most comparisons were assessed as being of very low
quality in the GRADE framework, showing wide CIs
owing to sparse data, which could restrict the interpreta-
tion of the results. However, these data are still valuable
for making optimal use of a diverse vaccine portfolio.
When more data on ongoing trials are available, we will
update this analysis. Second, the methodology of some
included trials was poor. More than 80% of trials were of
some concern due to their deviation from the intended
interventions. Thus, this may have introduced bias, and
our results should be interpreted with caution. Third, to
include andmake comparisons between as many studies as
possible, we used titers of pseudotype virus-neutralizing
antibody against the original strain. These are normally
lower than titers of live virus-neutralizing antibody;
however, we believe that by calculating the relative
treatment effect, GMR, we should have counteracted this
difference. Finally, due to the sparsity of data and lack of
access to original trial data, we could not perform detailed
NMA subgroup analyses, meta-regressions, or individual
patient data meta-analyses to properly address the
potentially relevant effect modifiers, such as age, race,
and prime-boost interval.

The findings from this NMA are the most comprehensive
evidence currently available to guide choices about
primary series and booster vaccination schedules for
combating the COVID-19 pandemic.
Conclusions

After vaccination with two doses of CoronaVac, a dose of
BNT162b2 as a booster substantially enhances immuno-
genicity reactions and has a relatively acceptable risk for
SAEs compared to other vaccines. For primary vaccina-
tion, schedules initiated with one dose of an mRNA
vaccine induce better immunogenicity reactions than one
dose of ChAdOx1, and the following dose of mRNA
vaccine can improve immunogenicity reactions compared
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to ChAdOx1. However, the comparatively higher risk for
local and systemic AEs introduced by mRNA vaccines
should be noted.
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